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ABSTRACT

Pilo, Alice L. Ph.D., Purdue University, August 2016. The Gas-Phase Oxidation of
Cationic Bioanalytes via Ion/Ion Reactions Major Professor: Scott A. McLuckey.

Several solution-phase derivatizations have recently been implemented in the gasphase through the interaction between oppositely charged ions, viz., ion/ion reactions. The
work presented here primarily focuses on the oxidation of bioanalytes via ion/ion reactions
with periodate and persulfate anions. Methionine and tryptophan residues in simple
polypeptides are selectively oxidized upon ion/ion reactions with periodate anion. The
oxidative labeling of disulfide bonds is performed via ion/ion reactions and is used to
identify intermolecularly disulfide-linked peptides and further probe their primary
structure. Non-modified, non-disulfide linked peptides lacking easily oxidized residues
(i.e., methionine and tryptophan) can also undergo oxidation. Peptides containing neutral
basic sites undergo oxidation upon ion/ion reactions with periodate anion to various forms,
including the [M+H+O]+,[M-H]+, and [M-H-NH3]+ species. Furthermore, persulfate anion
is a stronger oxidizing reagent than periodate and increases the amount of oxidation
observed with these less-readily oxidized residues. Persulfate anion and its derivatives,
sulfate radical anion and peroxymonosulfate anion, are capable of generating a variety of
oxidation products, including the [M+H+O]+, [M-H]+, and M+• species.

xxiii
S-alkyl cysteine residues are similar in structure to methionine residues and also
undergo selective and efficient oxidation upon gas-phase ion/ion reactions with periodate
anion. The oxidation of these species results in ejection of the alkyl sulfenic acid to generate
a dehydroalanine residue that can then undergo rearrangement upon collision-induced
dissociation (CID) to yield c- and z-ions N-terminal to the dehydroalanine residue. Since
c- and z-ions are not traditionally observed upon CID of positive even-electron species
these ions can be used to indicate the position of the original S-alkyl cysteine residue.
Dehydroalanine residues can also be generated upon asymmetric disulfide bond cleavage
from CID of proton mobility-limited systems, occasionally upon CID of phosphoserinecontaining peptides, and from neutral radical side-chain losses from various amino acids
in molecular radical peptide cations.
Another method of generating selective cleavages in the gas-phase relies on the
activation of platinated peptides. Doubly protonated peptides are transformed into
platinated, viz., [M+Pt-H]+, species via ion/ion reactions with platinum trichloride anions.
Activation of these platinated species results in selective cleavages C-terminal to
methionine, and to a lesser extent, cysteine residues. Activation of platinated disulfidelinked species results in dominant cleavage of the disulfide bond. Ion/ion reactions provide
a method of manipulating ion type in the gas-phase to yield complementary or additional
primary structural information to that obtained from traditional tandem mass spectrometry
experiments.
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CHAPTER ONE: INTRODUCTION TO BIOLOGICAL MASS SPECTROMETRY
AND THE MANIPULATION OF ION TYPE VIA GAS-PHASE ION/ION
REACTIONS

Since the first mass-to-charge measurements made by J. J. Thomson in 1912 with
his parabola spectrograph,1,2 the area of mass spectrometry has grown immensely. The
advent of soft ionization techniques and ionization techniques which facilitate the
generation of multiply charged species has allowed the mass spectrometric (MS) analysis
of several different classes of analytes (i.e., peptides, proteins, oligonucleotides, polymers,
etc.). Furthermore, the ability to activate and fragment analytes within the mass
spectrometer provides structural information that is difficult to obtain through other
methods. Its sensitivity, speed, accuracy, and resolution make mass spectrometry an
irreplaceable tool in the analysis of bioanalytes.
Within the field of mass spectrometry, ion/ion reactions, viz., the interaction
between oppositely charged species, have evolved as a method to manipulate ion type
within the mass spectrometer. The ion type (i.e., protonated, deprotonated, metallated,
radical, etc.) greatly impacts the information gained from tandem mass spectrometry
(MS/MS or MSn) experiments. Unfortunately, the ion type generated most efficiently from
the analyte solution is not necessarily the most informative when implementing CID.3
Ion/ion reactions have been successfully used to decouple the activated ion type from the
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ion type obtained upon ionization, thus allowing the probing of the most informative ion
type in lieu of the most efficiently ionized ion type.

1.1 Electrospray Ionization
The advent of two soft ionization techniques, electrospray ionization (ESI)4 and
matrix assisted laser desorption ionization (MALDI),5,6 in the late 1980s made the analysis
of large bioanalytes possible. The high transfer and ionization efficiencies of these
techniques opened new areas of research, such as proteomics and lipidomics.7 Electrospray
ionization has no theoretical mass limits,8 generates stable ions in a non-excited state, and
is easily coupled to liquid chromatography (LC) separations.7 For these and other reasons,
ESI is the most commonly employed method of generating gas-phase ions from solution
for MS analysis.7 Generally, a solution is infused through a capillary which is held at a
voltage that creates a large potential difference between the capillary and the inlet to the
mass spectrometer. A sheath gas (commonly N2) may be used to aid in nebulization and
direct droplets towards the mass spectrometer. When a voltage is applied to a small volume
of liquid the shape of the liquid starts to distort until the voltage exceeds the force from
surface tension (this voltage is termed the ‘threshold voltage’) and a Taylor cone is formed,
from which a jet of liquid, and eventually, a spray of droplets is ejected.9 These droplets
are typically on the order of micrometers and undergo rapid solvent evaporation, causing
them to shrink. These droplets undergo fission, also referred to as Coulombic explosion, to
create even smaller highly charged offspring droplets. This evaporation/fission process
repeats until the droplets are on the order of nanometers. The method by which ions are
generated from these small, charged liquid droplets is an area of extensive and ongoing
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research.11,17 Currently, there are three main models proposed to answer this question, the
charge residue model, the ion evaporation model, and the chain ejection model, each of
which are discussed in more detail below.

1.1.1 Ion Evaporation Model
Smaller analytes that are already charged in solution as well as small inorganic ions
undergo the ion evaporation model (IEM) upon ESI.17 For Rayleigh-charged droplets with
radii less than 10 nm, the electric field strength is great enough to cause solvated ions to be
released from the surface. While the change in the mass of the droplet is almost negligible,
this process significantly reduces the overall charge of the parent droplet. As the
solvent/analyte cluster enters the inlet of the mass spectrometer it collides with background
gas, thus stripping the solvent shell and releasing the bare analyte ion.10

1.1.2 Charge Residue Model
The charge residue model (CRM) is the proposed, and widely accepted, mechanism
of generating ions from large, globular proteins upon ESI.11-13 In this mechanism, small,
highly-charged droplets containing only one analyte evaporate until there is no solvent left
and the charge is deposited onto the now gaseous analyte.11,12 This mechanism has been
supported by molecular dynamics calculations showing that globular analytes reside in the
center of the droplet due to extensive hydration.19-21 Experimentally, this mechanism is
supported by the observation of proteins with charge states close to the Rayleigh charge
limit of water droplets approximately the size of the protein, regardless of the charge of the
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analyte in solution.11,14-16 Important characteristics of this model include the independence
of the ionization rate on the analyte identity, the absence of a mass limit, and the
preservation of fragile noncovalent complexes due to evaporative cooling.7

1.1.3 Chain Ejection Model
A third model, the chain ejection model (CEM), was proposed by Konermann et al.
in 2013 for the ionization of disordered polymers from charged droplets.17,18 While folded,
globular proteins are primarily ionized via the CRM, while unfolded/denatured proteins
undergo ESI via the CEM. Protein denaturation can occur in a variety of ways, one of the
most common being acidic solution conditions. This unfolding causes nonpolar,
hydrophobic residues that were previously sequestered in the interior of the globular
protein to become solvent accessible. This increase in hydrophobicity causes the migration
of the unfolded protein to the surface of the droplet. One of the two chain termini is ejected
into the gas-phase, linearly followed by the rest of the residues in the protein until the final
amino acid has entered the gas-phase. The CEM leads to rapid ejection of unfolded proteins
(on the order of ns),19 which leads to greater ion yield and enhanced signal intensity for
these proteins as compared to their folded counterparts that undergo the less efficient,
slower CRM model (on the order of µs).19-21

1.1.4 Nano-Electrospray Ionization
One drawback of conventional ESI is the large amount of sample required for
analysis. Additionally, most of the droplets, and thus, analyte ions, do not make it into the
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mass spectrometer for analysis. To remedy these problems Wilm and Mann developed
nano-electrospray ionization (nESI).22,23 Nano-electrospray ionization uses a much smaller
capillary diameter than conventional ESI (hundreds of nm compared to ~0.5 mm).22 This
facilitates the use of a much lower voltage (<2 kV for nESI as compared to 2-6 kV for ESI)
and a slower flow rate, which greatly decreases the amount of sample required.22 Indeed,
the requirement of pumping solution through the capillary is obviated when using nESI.
The general mechanisms for generating ions are the same, viz., ions are generated from
highly charged droplets in both nESI and ESI, however, the decreased capillary size results
in smaller initial droplets generated from nESI.11 Smaller droplets undergo solvent
evaporation more efficiently resulting in an overall increase in sensitivity for nESI as
compared with conventional ESI.22-24

1.2 Dissociation Techniques
Soft ionization techniques allow the analysis of intact biomolecules, and thus yield
the molecular weight of the analyte. While this is extremely useful information, even more
information about the analyte can be obtained through gas-phase fragmentation.25 The use
of multiple stages of ion isolation and analysis (e.g., dissociation and detection) is termed
tandem mass spectrometry (MS/MS or MSn) and is widely used in a variety of fields such
as proteomics and lipidomics.26-28 The multiple stages of tandem MS can be separated in
either time (each stage is performed sequentially in the same trap) or space (each stage
takes place in a different component within the MS). While instruments employing MS/MS
have been commercialized using both separation in time and space, tandem MS in time is
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favored as it allows multiple steps of isolation and activation during the same
experiment.29,30
Several types of dissociation techniques have been described. Collision-induced
dissociation (CID) is the most commonly employed dissociation technique in which
accelerated ions collide with neutral background gas molecules. Collisions convert some
of the ions’ kinetic energy into internal energy until the point where the ion has enough
internal energy to break bonds and undergoes fragmentation.38 Electron-capture
dissociation (ECD) involves the capture of low-energy electrons by multiply protonated
molecules and results in vastly different fragmentation pathways than traditionally
observed with CID.31 While CID and ECD are examples of ion/neutral and ion/electron
interactions, ion/photon interactions have also been used to effect dissociation, as with
infrared multiphoton dissociation (IRMPD)32 and ultraviolet photodissociation (UVPD).33
Similar to ECD, electron transfer dissociation (ETD) also results in transferal of an electron
to a multiply protonated analyte, however, in ETD this electron transfer event is achieved
via the interaction between multiply protonated analytes and anions with sufficiently low
electron affinities, typically anthracene or azobenzene.80 Each of these different techniques
can generate fragments through different pathways, thus yielding a diverse assortment of
complementary information about the sequence and structure of a bioanalyte of interest.

1.2.1 Ion Trap Collision-Induced Dissociation
Ion trap CID is performed by the application of an auxiliary alternating current
(AC) signal to either one of the quadrupole rod pairs (in linear ion traps) or the end-cap
electrodes (in 3D ion traps) and is considered a selective excitation method because it
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activates ions at a single mass-to-charge ratio. When the frequency of this auxiliary AC
waveform is the same as an ions secular frequency, which is dependent on mass-to-charge,
the amplitude of the harmonic oscillation of the resonant ion is increased. The fundamental
secular frequency (ω) of an ion can be determined using the equation below (n=0 for
fundamental frequency):34
1

𝜔𝑢,𝑛 = (𝑛 + 2 𝛽𝑢 ) Ω

(1.1)

Ω is the drive frequency of the trap, and βu is described as a function of Mathieu trapping
parameters (au and qu) by the Dehmelt approximation below for qu < 0.4.
𝛽𝑢 ≈ √(𝑎𝑢 +

2
𝑞𝑢

2

)

(1.2)

The application of an auxiliary waveform with a frequency ωu results in an overall increase
in the displacement of the resonant ion from the center of the trap, thus subjecting the ion
to higher RF field strengths and increasing their kinetic energy.35-37 The excited ion then
undergoes energetic collisions with neutral background gas molecules that convert kinetic
energy to internal energy.35-37 At a certain point the internal energy becomes high enough
for bonds to break and fragment ions are observed. The extent of activation an ion
undergoes during ion trap CID is dependent on both the amplitude of the resonant AC
waveform and the amount of time the waveform is applied.
Ion trap CID is straightforward to implement on a wide variety of instrument
platforms and is useful with a broad range of analytes, making it the most commonly used
dissociation technique.38,39 Ion trap CID is especially useful for the analysis of peptides
and proteins as it results in cleavages along the peptide or protein backbone. A general
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nomenclature has been proposed for the fragmentation of peptides and proteins40 and is
shown in Figure 1.1 below. Cleavage of the peptide backbone generates b- and y-ions,
cleavage of the Cα-C bond generates a- and x-ions and cleavage of the N-Cα bond generates
c- and z-ions. If the charge is retained by the N-terminal portion of the peptide a-, b-, or ctype ions are observed, while x-, y-, and z-ions are observed when the charge is retained
by the C-terminal portion of the peptide. Collisional activation of even-electron peptides
typically generates b- and y-ions; a-ions are also common and may be derived from CO
loss from b-ions. Odd-electron peptides undergo very different pathways upon activation.
Common fragments from CID of odd-electron peptides include neutral side-chain losses,
a-, x-, c-, and z-ions.

1.2.2 Dipolar Direct Current Collision-Induced Dissociation
Dipolar direct current (DDC) CID facilitates the activation of a large mass range of
ions to be activated simultaneously, making it a broadband heating technique. In linear ion
traps, DDC CID is implemented via the application of equal but opposite voltages to two
of the quadrupole rods, the remaining two rods are grounded.41 Upon DDC CID, ions are
displaced from the center of the trap towards one of the rods.41,42 This displacement causes
an increase in RF heating, and thus causes more energetic collisions with the background
gas to effect dissociation.41,42 Similar to ion trap CID, DDC CID is a slow heating
dissociation method.
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1.2.3 Beam-Type Collision-Induced Dissociation
A third type of CID, often termed beam-type CID, is implemented via a large
potential difference between two elements in a mass spectrometer. This process typically
occurs in a region of relatively high pressure (~10-4 torr), thus facilitating several energetic
collisions between the ions and background gas molecules. Similar to DDC CID, beamtype CID is a broadband heating technique as a large range of masses can be excited
simultaneously as they are accelerated through the potential difference. The amount of
energy that is imparted to the ions is highly variable (ranging from 200 eV/charge to several
keV/charge) and the time of activation is short (~10 µs) compared to ion trap CID. 43 For
these reasons, different fragmentation pathways can be observed upon beam-type CID
when compared to ion trap CID.

1.3 Ion/Ion Reactions
The information gained from tandem MS experiments is highly dependent on the
ion type being activated. For example, collisional activation of radical species generates
vastly different fragments compared to collisional activation of their even-electron
counterparts.44,45 Unfortunately, the ion type generated most readily upon ionization of the
analyte of interest may not give the most useful information upon activation.3 Since the
advent of ionization techniques that generate multiply charged ions, ion/ion reactions, viz.,
reactions between oppositely charged species, have been used to manipulate ion type
within a mass spectrometer to great effect. Ion/ion reactions have been used to both
increase78,79 and decrease46,47 charge states, add or remove metal cations,48-50 convert even
electron species to odd electron,51,52 and selectively modify various functional groups via
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covalent chemistry.65 The simplification of complex mass spectra,53-55 labeling of disulfide
bonds,89 cross-linking of proteins,56,57 and gas-phase synthesis of peptides58,59 have all been
demonstrated using ion/ion reactions.

1.3.1 Instrumentation
Ion/ion reactions require the ability to introduce opposite polarities of ions to the
mass spectrometer and allow the opposite polarity ions to interact with each other.
Generation of opposite polarities of ions is done using two ionization sources separated in
either space or time. Ionization sources separated in space generate opposite polarity ions
simultaneously, but introduce them to different regions in the mass spectrometer.
Ionization sources separated in time introduce the opposite polarity ions at the same
location in the mass spectrometer, but sequentially. All experiments described in this thesis
use ionization sources separated in time, specifically using alternately pulsed nESI
emitters, as shown in the instrument schematic shown in Figure 1.2.
The second instrumental requirement for ion/ion reactions to occur is the ability to
have both polarities of ions in the same place at the same time so they can react. This
interaction can either occur before each ion population enters the mass spectrometer or
within one of the elements of the mass spectrometer.46,65,66 Early demonstrations of ion/ion
reactions prior to entry into the mass spectrometer relied on the use of Y-tube reactors60,61
or atmospheric charge neutralization apparatus.47,54 The more commonly employed setup
currently is to have the interaction region within the mass spectrometer. Early work using
this method was primarily done in 3D ion traps,81 which are particularly well suited for
ion/ion reactions due to the lack of polarity dependence in the quadrupolar field allowing
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both ions to be stored within the trap at the same time, and the ability to do multiple
sequential tandem MS (separated in time) experiments to probe the reaction products. 62,63
Ion/ion reactions have also been done in linear ion traps, which have an improved dynamic
range and are more easily coupled to other MS components (e.g., detectors, other
analyzers) than 3D traps. In order to efficiently trap ions of both polarities in one
component (oftentimes the high pressure q2 collision cell) of a hybrid triple
quadrupole/linear ion trap mass spectrometer, an auxiliary AC voltage is applied to both
ends of the reaction cell.80
Typical ion/ion reactions in a linear ion trap/hybrid triple quadrupole MS, like the
one shown in Figure 1.2, begin with injection of one of the polarities of ions into the MS.
These ions are mass-isolated in transit in Q1 prior to storage in q2. The opposite polarity
ions are then injected into the MS via nESI, isolated in Q1 in transit, and stored in q2 with
the previously injected ion population. The ions are allowed to react for a defined period
of time via the application of the auxiliary AC voltages. The reaction products are then
transferred to Q3 for further mass analysis via MSn and mass-selective axial ejection
(MSAE).64

1.3.2 Thermodynamics of Ion/Ion Reactions
The easiest way to approach the thermodynamic considerations of ion/ion reactions
is to compare the potential energy diagrams for ion/ion and ion/neutral proton transfer
reactions. These processes can be described via processes 1.3 (ion/ion reaction) and 1.4
(ion/neutral reaction) below.53
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[M+nH]n+ + A-  [M+(n-1)H](n-1)+ + HA

(1.3)

[M+nH]n+ + B  [M+(n-1)H](n-1)+ + HB+

(1.4)

The potential energy surface diagram for the ion/ion reaction is shown in Figure 1.3(a)
below. The entrance channel shape is determined by the long range, charge dependent
attractive potential (Epot) represented by Equation 1.5 below,
𝐸𝑝𝑜𝑡 =

−𝑧1 𝑧2 𝑒 2
𝑟

(1.5)

where z1 and z2 are the magnitudes of the elementary charges of the ions, e is elementary
charge, and r is the distance between the ions. Once the ions have formed a stable orbit,
represented as [M+(n-1)H](n-1)+---H+---A- in Figure 1.3, they must have the necessary
energy to overcome any ion-dipole and ion-induced dipole interactions to proceed past the
exit barrier and form the products shown in Process 1.3. The enthalpy of the ion/ion
reaction described here is dependent on the relative proton affinities (PA) of the anion Aand the [M+(n-1)H](n-1)+ species, as shown in Equation 1.6 below.
ΔHrxn = PA([M+(n-1)H](n-1)+) – PA(A-)

(1.6)

With very few exceptions, even the lowest PA of an anionic species is still significantly
higher than the largest PA of neutral basic molecules. Therefore, proton transfer from a
multiply protonated cation to an anion is almost always thermodynamically favorable.
Indeed, ion/ion reactions tend to be extremely exothermic by more than 100 kcal/mol for
any charge n.65
For ion/molecule reactions (Figure 1.3(b)) the entrance channel is determined by
shorter-range polarization forces, similar to those dictating the exit channel of ion/ion
reactions. Since the products of the ion/molecule reaction are both positively charged (see
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Process 1.4 above), the exit channel can be described via the equation for Epot shown in
Equation 1.5. Since z1 and z2 are now both positive, Epot becomes repulsive resulting in a
coulombic barrier which the ions must overcome.65,66 Similar to ion/ion reactions, the
enthalpy of reaction for ion/molecule reactions can be described by the difference in the
PAs of B and the [M+(n-1)H](n-1)+ species as shown in Equation 1.7 below.
ΔHrxn = PA([M+(n-1)H](n-1)+) – PA(B)

(1.7)

As the PA(B) is much lower than the PA(A-), comparison of equations 1.6 and 1.7 shows
that proton transfer ion/ion reactions are much more exothermic than ion/molecule
reactions.

1.3.3 Kinetics of Ion/Ion Reactions
Reactions between multiply protonated cations and an excess of reagent ions can
be modeled using pseudo-first order kinetics. Under these conditions the rate constant (kc)
for the formation of a stable orbit can be described via Equation 1.8,66
𝑧 𝑧 𝑒2

1 2
𝑘𝑐 = 𝑣𝜋 [4𝜋𝜀
]
𝜇𝑣 2
0

2

(1.8)

where v is the relative velocity of the ions, ε0 is the vacuum permittivity, and µ is the
reduced mass of the two reactants. While stable orbits can be generated at relatively long
distances due to the long-range attraction between the oppositely charged ions, chemistry
cannot occur until the ions are close in proximity. Furthermore, stable orbits can have either
low eccentricity, meaning that the orbit is circular in shape, or high eccentricity, meaning
that the orbit is elliptical in shape. Along more highly eccentric, or elliptical, orbits, the
reactant ions eventually reach a point where they are close enough to react. More circular
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orbits do not allow this point of close proximity and additional events are required for the
orbit to collapse and chemistry to occur. One method to collapse the orbit is interaction
with a third body, e.g., a neutral gas atom or molecule, which either destroys the complex
or decreases the orbital radius via reduction of the relative velocity of the ion pair.65 A more
likely mechanism for orbits with large polyatomic ions is the ‘tidal’ effect.67,68 Changes in
the internal structure of these larger polyatomic ions due to the changing electric field
associated with the orbit can convert translational energy into internal energy, thus
decreasing the relative velocity of the ion pair, and thus, the orbital distance.65,67,68

1.3.4 Proton and Electron Transfer Ion/Ion Reactions
The most commonly employed ion/ion reaction is proton transfer from a multiply
protonated bioanalyte to a reagent anion. Ion/ion proton transfer chemistry has been
demonstrated by several groups for various purposes, the most common of which is
simplification of complex spectra.69-71 ESI generates highly charged analytes, and in
complex mixtures, the masses of these highly charged analytes often overlap making
identification difficult. Proton transfer ion/ion reactions reduce the charge of these analytes
and spreads the peaks over a large m/z range, thus decreasing spectral complexity and
effectively increasing peak capacity.65 This chemistry has been demonstrated on a variety
of platforms (e.g., hybrid triple quadrupole/linear ion traps, 3D traps, Orbitraps, etc.) and
can be implemented in different ways. The proton transfer chemistry can happen before
the ions enter the MS, as well as in trapping and transmission mode (where one polarity of
ions is transmitted through a trap in which the oppositely charged ions are stored)72,87
ion/ion reactions within the MS.
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Proton transfer ion/ion reactions can either occur via formation of a long-lived
complex73 or via a ‘hopping’ mechanism as reactants fly past each other in the trap. A
variety of reagent/analyte combinations have been used (i.e., multiply protonated
analyte/monoanion,

multiply

protonated

analyte/multiply

deprotonated

anion,

monocations/multiply charged anions, etc.) and the mechanism through which the reaction
proceeds (viz., complex formation or proton hopping) depends on the identity of the
reactants used. The transfer of single and multiple protons have both been observed and
the transfer of multiple protons has been used to charge invert (viz., change the polarity)
bioanalytes.74-76 Charge inversion ion/ion reactions exclusively proceed via the generation
of long-lived complexes73 and have been used to increase structural information gained
from lipids upon CID, differentiate phosphatidylcholine and phosphatidylethanolamine
isomers, and reduce chemical noise in complex mixtures.77 Sequential charge inversion
reactions have even been used to increase the number of protons, and thus, the charge of
bioanalytes.78,79
Electron transfer reactions may also occur via generation of a long-lived complex
or through a ‘hopping’ mechanism. Electron transfer reactions are commonly used as they
undergo vastly different fragmentation pathways upon activation as compared to their
even-electron counterparts. As discussed previously, ETD,80 as well as its negative mode
counterpart negative ETD (NETD)81,82 are examples of electron transfer ion/ion reactions.
The process of electron transfer is not necessarily sufficiently energetic to induce
fragmentation83 and the electron transfer event may be combined with an additional
activation step, such as photon irradiation84 or collisions with background gas. 85-88 ETD of
peptides and proteins primarily cleaves the N-Cα bond to generate c- and z-ions, while CID
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cleaves the peptide bond to generate b- and y-ions. Additionally, ETD does not cleave
labile post-translational modifications (PTMs), which is extremely useful in the field of
proteomics where the identification and localization of these PTMs is an important but
difficult problem to solve.

1.3.5 Covalent Modification Ion/Ion Reactions
Recently, it has been shown that solution-phase derivatizations can also be done in
the gas-phase via ion/ion reactions.65 The gas-phase derivatization strategy has several
advantages over the traditional solution-phase approach, including much faster reaction
times (<1 sec), greater control over the extent of reaction (i.e., the number of modifications
per analyte ion) through control of mutual storage time and reactant number densities, and
elimination of side-reactions via mass isolation of both reactants. Additionally, some
unique chemistries can be observed in the gas-phase that are hard to observe or isolate in
solution-phase.65 For example, the oxidation of a disulfide bond to the thiosulfinate form
was recently demonstrated in the gas-phase via ion/ion reactions.89 In solution, further
oxidation of the thiosulfinate occurs too quickly to easily observe or isolate the
thiosulfinate, which is the exclusive product formed in the gas-phase.
All gas-phase covalent chemistries discovered so far proceed through the
generation of a long-lived complex. Typically, activation of this complex will either result
in proton transfer to return the charge-reduced species as discussed in the previous section
or the covalent product will be generated. The most successful reagents have ‘sticky’
groups, i.e., polarizable moieties that facilitate strong electrostatic interactions with the
analyte, in addition to functional groups that facilitate the covalent chemistry. The most
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commonly employed ‘sticky’ groups are sulfonates for anionic reagents and quaternary
amines for cationic reagents. Recent examples of covalent modifications via ion/ion
reactions include cross-linking with N-hydroxysuccinimide (NHS) esters,90,91 chargeinversion of lipids for increased structural information92 and to differentiate isomers,93
“Click” chemistry reactions between alkyne and azide moieties,94 and the N-terminal95 and
C-terminal96 gas-phase synthesis of peptides. Gas-phase ion/ion reactions have been useful
in the simplification of complex polymer ESI mass spectra,97 the characterization of
proteins71 and oligonucleotides,98,99 and in the manipulation of ion type to study gas-phase
fragmentation pathways.100

1.3.5.1 Oxidation Ion/Ion Reactions
The oxidation of multiply protonated polypeptide ions in the gas-phase via ion/ion
reactions has recently been described. Periodate anion has been used to selectively oxidize
secondary sulfur atoms in methionine residues,101 disulfide bonds,89 and S-alkyl cysteine
residues.102 Periodate anion also oxidizes tryptophan residues, though to a significantly
lesser extent than secondary sulfur atoms. A suite of reagents derived from persulfate anion
has also been used to oxidize doubly protonated polypeptides to their [M-H]+, [M+H+O]+,
and [M]+• derivatives in the gas-phase.100 These reactions proceed through formation of a
long-lived complex between the oxidizing anion and the multiply protonated analyte of
interest followed by oxygen transfer to the peptide or hydrogen abstraction by the reagent
anion. Thus far, this gas-phase oxidation chemistry has been used to map disulfide bonds
in tryptic digest mixtures from disulfide-linked proteins, gain complementary sequence
information upon dissociation of different ion types (e.g., M+•), and identify/localize S-
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alkylation modifications of cysteine residues such as prenylation, ethylation, and
carbamidomethylation. Remaining potential applications include the determination, or
‘counting’, of the number of methionine residues in proteins for improved database search
results, the screening of complex mixtures for prenylated peptides and/or proteins, and the
introduction of multiple radical sites on proteins to alter protein fragmentation upon CID.

1.4 Conclusions and Future Insights
Mass spectrometry is a powerful tool for the analysis of biomolecules as it yields
both the intact molecular mass and, with additional steps of activation, fragments that
provide information about the sequence and structure of the bioanalyte of interest.
Furthermore, reactions between oppositely charged ions within the mass spectrometer have
been used in a variety of applications ranging from reduction of spectral complexity via
proton transfer and metal removal ion/ion reactions to covalent labeling of specific amino
acids. Oxidation ion/ion reactions, specifically, have been used to identify, differentiate,
and localize methionine and S-alkyl cysteine residues, map disulfide bonds, and provide
complementary sequence information to that obtained from analysis of non-oxidized,
protonated analogs. Potential future applications of ion/ion chemistry are widespread in
nature, and include screening of reaction unknowns for various functional groups and
movement towards a reagent that facilitates the gas-phase digestion of proteins for
sequence determination.
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Figure 1.1. Nomenclature for the fragmentation of peptides, proposed by Roepstorff and
Fohlman.
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Figure 1.2. Instrument schematic for AB Sciex QTRAP 4000 hybrid triple
quadrupole/linear ion trap mass spectrometer modified for ion/ion reactions.
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Figure 1.3. Energy diagrams for (a) ion-ion reactions and (b) ion-molecule reactions.
Adapted from reference 30.
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CHAPTER TWO: OXIDATION OF METHIONINE RESIDUES IN POLYPEPTIDE
IONS VIA GAS-PHASE ION/ION CHEMISTRY

2.1 Introduction
The oxidation of methionine residues in polypeptides/proteins has important roles
in aging and age-related degenerative diseases.1 Methionine oxidation is a common
chemical degradation pathway and results in the modification of the methionine side chain,
where the thioether group (i.e., –CH2SCH3) is converted to a sulfoxide derivative (i.e.,
CH2SOCH3).2,3 The sulfoxide derivative can be further oxidized to a sulfone (i.e.,
CH2SO2CH3); however, the sulfone is rarely observed in biological systems as it requires
a significantly stronger oxidizing agent.3 The single oxidation reaction has far-reaching
implications in biological applications. Oxidation of free methionine to the sulfoxide
derivative inhibits its methyl donating capabilities.4,5 Methionine oxidation in calmodulin,
a calcium-binding messenger protein, results in the decreased function of calcium
signaling, ultimately leading to loss of calcium homeostasis in aged brains.6,7 Additionally,
oxidation of Met-35 in β-amyloid peptide contributes to the insolubility and overall
stability of the peptide, specifically the C-terminal region, which has implications in
Alzheimer’s disease.8,9,10 There is also evidence to suggest that methionine oxidation is
important for cellular regulation. The methionine sulfoxide [Met(O)] functional group can
be reduced under physiological conditions by methionine sulfoxide reductase, which has a
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role in the activation-deactivation cycle of various signaling proteins as well as the
maintenance of homeostatic balance in physiological systems.11,12
Mass spectrometry (MS) has been used extensively to characterize Met(O) in
proteins and peptides. Tandem MS (MS/MS) is useful in identifying the presence of this
modification and locating the site of modification via gas-phase fragmentation.13 Ion trap
collision-induced dissociation (CID) of peptide or protein ions containing Met(O) produces
a neutral loss of 64 Da, corresponding to loss of methanesulfenic acid (CH3SOH), from the
precursor and/or product ions containing the oxidized methionine residue.13-17 The
rearrangement mechanism for the neutral loss of 64 Da is shown in Scheme 2.1 below.1821

This neutral loss is unique to Met(O) and is useful in differentiation between Met(O) and

phenylalanine, which have the same nominal mass, during MS-peptide sequencing. The
loss of methanesulfenic acid has been shown to be a low-energy CID pathway; therefore,
dominant loss of 64 Da is readily observed allowing straightforward identification of the
presence of oxidized methionine in the precursor ion. Electron capture dissociation (ECD)
has also been used to characterize peptides containing oxidized methionine and provides
complementary information to CID.22 ECD of Met(O)-containing peptides retains the
oxidation modification and yields sequence-informative c and z• ions.
Recently, it has been shown that chemical reactions commonly performed in
solution to derivatize peptides and proteins can also be conducted in the gas-phase via
reactions of oppositely charged ions.23 The gas-phase reactions can be driven at rates
ranging from 1-100 s-1, with typical reaction time-scales on the order of 100 ms for reaction
efficiencies of tens of percent. In addition to short reaction times relative to analogous
condensed-phase derivatization approaches, the gas-phase approach is amenable to mass-
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selection of reactants and obviates addition of reagents to the sample solution and, as a
result, avoids concomitant complication of the mass spectrum of the analyte.23 The extent
of modification (i.e., the number of modifications per analyte ion) can also be varied via
control of reagent ion number and reaction time, as well as via use of the ion parking
technique.24 Gas-phase ion/ion reactions can occur either through long-range transfer of
small charged particles (e.g., protons or electrons) or through the formation of a relatively
long-lived complex.41 Covalent modifications of biomolecules via ion/ion reactions
proceed through the formation of a long-lived complex. Recent demonstrations of covalent
modification in the gas-phase via ion/ion reactions include the use of NHS ester derivatives
in cross-linking25,26 and covalent labeling27-29 studies, the use of 4-formyl-1,3benzenedisulfonic acid dFBDSA) to tag peptide ions30,31 and increase sequence coverage
obtained

from

CID

experiments,32,33

and

the

use

of

N-cyclohexyl-N’-(2-

morpholinoethyl)carbodiimide (CMC) in covalent labeling experiments.34 Gas-phase
ion/ion reactions have been useful in the characterization of proteins35 and
oligonucleotides,36,37 for manipulating charge states, or for creating different precursor ion
types to study via gas-phase fragmentation.
Here, we describe the selective oxidation of methionine residues present in peptide
cations using periodate monoanions. Upon ion/ion reaction, a long-lived complex is
generated corresponding to the attachment of periodate to a multiply protonated peptide.
Activation of the long-lived complex yields a covalently modified peptide ion, indicated
by the addition of an oxygen atom to the methionine residue in the protonated peptide,
represented as [M+H+O]+. Formation of the oxidized species is the dominant pathway for
methionine-containing peptides following activation of the long-lived complex. This
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pathway is also observed for tryptophan-containing peptides, but at a significantly lesser
abundance than Met-containing peptides. Peptides lacking tryptophan and methionine
residues do not form the oxidized species. Further activation of oxidized Met-containing
peptides yields a signature loss of 64 Da from the precursor and product ions, while this 64
Da loss is not observed in peptides lacking methionine residues. This is the first reported
demonstration of selective gas-phase oxidation of peptides via ion/ion reaction.

2.2 Experimental Section

2.2.1 Materials
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg,
NJ). KGAILMGAILR was synthesized by CPC Scientific (San Jose, CA). Substance P was
synthesized by Bachem (Bubendorf, Switzerland). Anti-inflammatory peptide I was
synthesized by AnaSpec (Fremont, CA). GLSDGEWQQVLNVWGK was synthesized by
SynPep (Dublin, CA). ARACAKA, ARAWAKA, and GRGMGRGMGRL were
synthesized by Pepnome Limited (Shenzhen, China). ARAMAKA was synthesized by
NeoBioLab (Cambridge, MA). Angiotensin II and sodium periodate were purchased from
Sigma Aldrich (St. Louis, MO). All peptide stock solutions for positive nanoelectrospray
were prepared in a 49.5/49.5/1 (v/v/v) solution of methanol/water/acetic acid at an initial
concentration of ~1 mg/mL and diluted 100-fold prior to use. The periodate solution was
prepared in a 50/50 (v/v) solution of methanol/water at a concentration of ~1 mg/mL and
diluted 10-fold prior to use. For all solution-phase oxidations 5 µL of the prepared periodate
solution was added to an equivalent volume of peptide solution.
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2.2.2 Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear
ion trap mass spectrometer (AB Sciex, Concord, ON, Canada), previously modified for
ion/ion reactions.38 Multiply protonated peptides and singly charged anion reagent
populations were sequentially injected into the instrument via alternately pulsed nanoelectrospray (nESI).39 The peptide cations and periodate anions were independently
isolated in the Q1-mass filter prior to injection into the q2 reaction cell. The opposite
polarity ions were allowed to react for a defined mutual storage reaction time of 1000 ms.
The ion/ion reaction products were then transferred to Q3, where the complex was
subjected to further characterization via MSn and mass analysis using mass-selective axial
ejection (MSAE).40

2.3 Results and Discussion

2.3.1 Selective Oxidation of Methionine Residues with Periodate
Peptide dications containing methionine residues (i.e., doubly protonated
ARAMAKA, KGAILMGAILR, MHRQETVDC, RPKPQQFFGLM, GSNKGAIIGLM)
were subjected to ion/ion reactions with periodate monoanions. Figure 2.1 illustrates the
oxidation of doubly protonated ARAMAKA via ion/ion reaction. Upon mutual storage of
the peptide cations and periodate anions, direct proton transfer from the peptide cation to
the reagent anion or formation of a long-lived complex, [M+2H+IO4-]+, is observed (
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Figure 2.1(a)).41 The complex decomposes via one of two pathways upon
activation. One pathway results in proton transfer from the peptide cation to the periodate
anion, which yields loss of neutral periodic acid (i.e., HIO4) and the charge-reduced
species, [M+H]+. A second pathway is outlined in Scheme 2.2 and results in covalent
modification of the methionine residue to produce the oxidized species, [M+H+O]+.42,43
The latter species is also observed in Figure 2.1(a) and arises from collisional activation
of the complex upon transfer from the reaction cell to Q3. The generation of [M+H+O]+
ions from collisional activation of the complex has been observed to be the favored
pathway for methionine-containing peptides (see Figure 2.1(b)). The reaction is presumed
to proceed via nucleophilic attack by the sulfur atom on one of the neutral oxygen atoms
on the periodate reagent resulting in oxidation of the methionine side-chain and loss of
neutral iodic acid (i.e., HIO3). The net result is oxidation of the methionine side chain to
yield the sulfoxide form. The extent to which the oxidation takes place in the complex
prior to collisional activation versus being driven by collisional heating of the complex is
unclear.
Collisional activation of the oxidized [M+H+O]+ species produces dominant
neutral losses of 64 Da from precursor or product ions (Figure 2.1(c)). This corresponds to
the loss of methanesulfenic acid (HSOCH3) via the rearrangement shown in Scheme 2.1.
For the oxidized [M+H+O]+ species produced via ion/ion reaction between doubly
protonated ARAMAKA and periodate anion, the 64 Da losses from the precursor and b6
ions are the most abundant species in the CID spectrum. The b6+O ion corresponds to a
lysine cleavage that is the dominant cleavage site upon activation of the [M+H]+ species
(i.e., the b6 ion dominates the CID spectrum of the singly protonated peptide). The unique
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64 Da loss can be used to localize the site of oxidation. Figure 2.1(d) demonstrates the
localization of the oxidation to the methionine residue in the peptide ARAMAKA via
activation of the 64 Da loss from the b6+O ion, i.e., [b6+O-HSOCH3]+. A series of b-ions,
b2-b5, is observed. The presence of the non-modified b2 and b3-ions and modified b4 and
b5 ions further confirms oxidation of the methionine residue. The open square ()
indicates loss of methanesulfenic acid from an oxidized methionine side chain, e.g., b4
corresponds to [b4+O-HSOCH3]+.
Collisional activation of complexes produced via gas-phase reactions between
periodate anions and methionine-containing peptide cations examined to date
([M+2H+IO4-]+) predominantly yields the oxidized species ([M+H+O]+). Figure 2.2
provides results of the collisional activation of the [M+2H+IO4-]+ species for four different
methionine-containing peptides. In each case, the abundance of the oxidized species
produced via covalent modification ([M+H+O]+) is greater than the abundance of the
charge-reduced species produced via proton transfer from the peptide to the periodate anion
(Figure 2.2(a)-(d)). The peptide KGAILMGAILR has the lowest abundance ratio of
[M+H+O]+ to [M+H]+ of the four peptides shown, with the [M+H+O]+ ion at
approximately three times the abundance of [M+H]+ ion. Both substance P
(RPKPQQFFGLM) and MHRQETVDC show almost exclusive production of the
[M+H+O]+ ion. The 11-residue β-amyloid peptide fragment results in a [M+H+O]+ to
[M+H]+ ratio intermediate to the other systems discussed. This efficient production of the
oxidized [M+H+O]+ species is beneficial as it leaves enough signal for further analysis and
modification localization via MSn.
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Figure 2.3 summarizes the fragmentation of the respective oxidized [M+H+O]+
species generated from the peptides KGAILMGAILR, substance P (RPKPQQFFGLM),
MHRQETVDC, and an eleven-residue peptide derived from β-amyloid peptide
GSNKGAIIGLM. The neutral loss of 64 Da is a prominent pathway in the CID product
ion spectra of peptides with oxidized methionine residues. The neutral loss of
methanesulfenic acid is unique to methionine residues oxidized to the sulfoxide form and
thus can be utilized to determine the presence of oxidized methionine residues in peptides
and proteins. Upon ion trap CID of oxidized KGAILMGAILR produced via gas-phase
ion/ion reaction (i.e., [KGAILMGAILR+H+O]+), the loss of 64 Da is the sole ion observed
(Figure 2.3(a)). For substance P, the 64 Da loss is also predominant, though other fragment
ions are observed (Figure 2.3(b)). This loss of 64 Da is observed from the substance P
oxidized y9 species as well. Cleavage of the peptide bond on the C-terminal side of aspartic
acid upon activation is well-known to be facile44 and competes with the neutral 64 Da loss
in the CID product ion spectrum for the peptide MHRQETVDC to form the b8+O ion.
Neutral 64 Da losses from the parent ion and oxidized b5 species for MHRQETVDC are
also observed (Figure 2.3(c)). The oxidation of the methionine residue in β-amyloid peptide
under physiological conditions has been shown to have implications in aggregation
associated with Alzheimer’s disease. The eleven-residue peptide GSNKGAIIGLM
contains the methionine residue of the β-amyloid peptide and has been shown to have some
of the same biological properties as the full-length β-amyloid peptide including the
formation of fibrils, free radicals, and neurotoxicity.8,45,46 The neutral loss of 64 Da gives
rise to the second most abundant peak observed in the CID spectrum, which allows facile
identification of an oxidized methionine residue somewhere in the peptide (Figure 2.3(d)).
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All of the major product ions that originate from backbone cleavages are N-terminal
fragments and, as a result, no sequence-related product ions show an additional loss of 64
Da, which is indirect evidence for modification at the C-terminus. For example, nonmodified b10 ion indicates cleavage between the leucine and methionine residue thus
eliminating all residues except for methionine as the modification site. Similarly, further
MSn of oxidized species for KGAILMGAILR and substance P localize the oxidation to
methionine as well (Figure 2.4).

2.3.2 Non-Methionine Containing Peptides
Spectra derived from collisional activation of various ion/ion complexes
([M+2H+IO4-]+) for peptides lacking methionine residues, e.g., ARAAAKA, ARACAKA,
and angiotensin II (DRVYIHPF) are shown in Figure 2.5.

For all non-methionine

containing peptides studied, dominant production of the charge-reduced species (i.e.,
[M+H]+) is observed upon collisional activation of the complex with periodate. The
peptides ARAAAKA and ARACAKA differ from the previous peptide shown,
ARAMAKA, by the replacement of the methionine residue with either an alanine or
cysteine residue. Activation of the [M+2H+IO4-]+ species for both ARAAAKA (Figure
2.5(a)) and ARACAKA (Figure 2.5(b)) peptides produces the [M+H]+ ion and yields no
evidence for the oxidized product, [M+H+O]+, in contrast with activation of the
[M+2H+IO4-]+ species for ARAMAKA (Figure 2.1(b)). The peptide ARACAKA was
examined because cysteine residues are oxidized by periodate in solution. However, the
lack of oxidation observed upon activation of the [M+2H+IO4-]+ ion demonstrates the
selectivity of the gas-phase ion/ion chemistry for methionine residues. Doubly protonated
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angiotensin II (DRVYIHPF) peptide cations were also subjected to ion/ion reactions with
periodate anions. Angiotensin II contains tyrosine and histidine residues,50 which are both
oxidized in solution by periodate. Similarly to ARAAAKA and ARACAKA, no evidence
for formation of [M+H+O]+ is observed upon activation of the [M+2H+IO4-]+ ion and the
charge-reduced [M+H]+ is formed essentially exclusively. Cysteine residues are oftentimes
protected to prevent disulfide formation. These modifications are susceptible to oxidation
in solution and, similarly to oxidized methionine, yield neutral losses of the oxidized side
chain upon gas-phase fragmentation.47-49 Peptides containing S-methyl cysteine residues
react similarly to methionine-containing peptides. Upon ion/ion reactions the [M+H+O]+
species is formed upon activation of the complex and CH3SOH is lost upon further
activation of the oxidized species. Conversely, no oxidation was observed upon activation
of the [M+2H+IO4-]+ complex formed via ion/ion reactions between cysteine-containing
peptides protected with S-acetylamido (Acm) protecting groups and periodate anions.
Other protecting groups with electron-donating properties similar to those of methyl groups
may also undergo oxidation upon ion/ion reaction with periodate anions.
Tryptophan is also oxidized to a small extent via gas-phase ion/ion reactions of
tryptophan-containing peptides with periodate anions (Figure 2.6). However, for all
peptides studied, the [M+H]+ ion is observed in greater abundance than the [M+H+O]+ ion
upon activation of the [M+2H+IO4-]+ ion. For the tryptophan analog of ARAMAKA, viz.,
ARAWAKA, the ratio of [M+H]+ to [M+H+O]+ is the reverse of that observed for
ARAMAKA (compare Figure 2.1(b) with Figure 2.6(a)). While the relative abundance of
the [M+H+O]+ ion for Trp-11 neurotensin (Figure 2.6(b)) is greater than that observed for
reactions with ARAWAKA, the extent of oxidation remains much less for tryptophan-
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containing peptides than the methionine-containing peptides. Figure 2.4(d) demonstrates
the localization of the oxidation to the tryptophan residue for ARAWAKA via activation
of the [M+H+O]+ species. The peptide GLSDGEWQQVLNVWGK is a tryptic peptide
from myoglobin and, although it contains two tryptophan residues, the [M+H+O]+ species
is produced in extremely low abundance. When a peptide cation containing both
methionine and tryptophan residues is subjected to ion/ion reaction with periodate anions,
oxidation of methionine is the dominant process observed, with no peaks indicating
oxidation of the tryptophan residue (Figure 2.7). Activation of the [M+H+O]+ species for
tryptophan-containing peptides does not contain the 64 Da losses predominant for
methionine-containing peptides making them easily distinguishable (Figure 2.4(d)).

2.3.3 Solution-phase Versus Gas-Phase Oxidation
The gas-phase dissociation behavior of solution and gas-phase oxidized peptides is
compared in Figure 2.8. Peptides were oxidized in solution via addition of an aqueous
solution of sodium periodate. The product ion spectra for solution and gas-phase oxidations
were identical, as shown for the peptide ARAMAKA in Figure 2.8. The product ion spectra
show dominant 64 Da losses from both the oxidized peptide and the b6 ion. This experiment
indicates the gas-phase chemistry mimics that of the solution-phase. While periodate
oxidizes methionine residues faster than other amino acids, it does also modify other amino
acids in the peptide, specifically cysteine, histidine, tyrosine, and tryptophan.50 In the gasphase, the oxidation appears to be more selective for methionine under the ion/ion reaction
conditions used here, based on the lack of reactivity noted for other side-chains except for
the minimal reactivity observed for tryptophan.
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2.3.4 Modification of Multiple Methionine Residues via Addition of Multiple Periodate
Anions
Multiple modifications to peptide cations containing more than one methionine
residue have been observed via sequential ion/ion reactions between the peptide cation and
periodate anions. This approach can be useful in determining the number of methionine
residues in a peptide. For example, triply protonated GRGMGRGMGRL was subjected to
ion/ion reactions under conditions in which sequential reactions are likely (see Figure 2.9).
Peaks indicating the addition of one periodate anion to form a complex of the form
[M+3H+IO4-]2+ and two periodate anions to form a complex of the form [M+3H+2IO4-]+
are observed (Figure 2.9(a)). Proton transfer also occurs as evidenced by the presence of
the [M+2H+IO4-]+ species. Some fragmentation of the complexes due to energetic transfer
conditions from the collision quadrupole to Q3 is also observed, as illustrated by the peaks
corresponding to [M+2H+O]2+ and [M+2H+O+IO4-]+. The most abundant species
observed is the addition of two periodate anions to form the [M+3H+2IO4-]+ species
illustrating the high efficiency with which the reaction proceeds.
The breakup of the [M+3H+2IO4-]+ complex in principle can proceed via either of
the pathways previously described for the doubly protonated methionine-containing
peptides with one periodate anion: viz., proton transfer to yield the charge-reduced species
with concomitant neutral loss of periodic acid or covalent modification to oxidize the
methionine side chain with concomitant loss of neutral iodic acid, for each of the periodate
anions added onto the peptide. Activation of the [M+3H+2IO4-]+ complex exclusively
yields sequential losses of iodic acid to produce the doubly oxidized species [M+2(O)+H]+
(parentheses around the O atom are used for clarity) (see Figure 2.9(b)). Activation of the
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doubly oxidized [M+2(O)+H]+ species of the peptide GRGMGRGMGRL produces
nominal losses of 64 and 128 Da (Figure 2.9(c)). The first 64 Da loss can presumably
arise from either of the two methionine residues in GRGMGRGMGRL. This 64 Da loss is
the most abundant peak in the spectrum which would allow easy identification of the
presence of at least one methionine residue during analysis of an unknown peptide. The
nominal loss of 128 Da can arise from sequential losses of 64 Da, which was confirmed by
activation of the 64 Da loss product (Figure 2.9(d)). The presence of the peak due to loss
of two 64 Da neutrals in the product ion spectrum obtained from activation of the doubly
oxidized [M+2(O)+H]+ indicates the presence of a second methionine in the peptide. The
presence of the other fragments in Figure 2.9(d) can also be used to further confirm the
oxidation of both methionine residues in GRGMGRGMGRL. The non-modified y2 ion is
the only observed fragment not containing a methionine residue and indicates that neither
of the last two residues is modified. Fragment ions containing only one methionine residue
are present as either containing one oxygen atom, e.g., b4+O, b6+O, y5+O, and y6+O, or as
having lost methanesulfenic acid from an oxidized methionine residue, e.g., b4, b6, y5,
and y6. Only fragment ions containing both methionine residues are present as either loss
of methanesulfenic acid with an added oxygen atom, e.g., b8+O, b9+O, b10+O, and
y10+O, or loss of two methanesulfenic acid groups, e.g., b8, b9, and b10 where the closed
square () indicates loss of two modified methionine side chains (e.g., b10 denotes
[b10+2(O)-2HSOCH3]+).
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2.4 Conclusions
The selective gas-phase oxidation of methionine residues has been demonstrated
using ion/ion reactions with periodate anions. Ion trap CID of complexes comprised of
methionine-containing peptide cations and the periodate anion results in formation of an
oxidized species. The reaction presumably proceeds via nucleophilic attack by the sulfur
atom on one of the neutral oxygen atoms on the periodate reagent. This reaction results in
oxidation of the methionine side-chain and loss of neutral iodic acid, HIO3. Peptide cations
lacking methionine residues predominantly transfer a proton to the periodate anion to form
the charge-reduced species and an absence of oxidation is generally observed, although
minor oxidation is observed for peptides containing tryptophan residues. The ion trap CID
spectra of the oxidized species produced via gas-phase ion/ion reaction and solution-phase
addition of periodate are identical. Solution-phase and gas-phase dissociation behavior
both produce losses of 64 Da from precursor and product ions consistent with loss of
methanesulfenic acid from the sulfoxide derivative of the methionine side chain. The
unique 64 Da loss can be utilized to localize the oxidation to the methionine residue via
MSn experiments. These results demonstrate a novel ion/ion reaction for the selective
“labeling” of methionine and, to a lesser degree, tryptophan.

Reprinted (adapted) with permission from Pilo, A. L.; McLuckey, S. A. J. Am. Soc. Mass
Spectrom. 2014, 25, 1049-1057. Copyright (2014) Journal of the American Society of
Mass Spectrometry.
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Scheme 2.1. Mechanism of rearrangement of the oxidized methionine side chain to produce
loss of methanesulfenic acid (64 Da).18-21
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Figure 2.1. Spectra illustrating gas-phase covalent modification of ARAMAKA, including
(a) ion/ion reaction between doubly protonated peptide cation and periodate anion, (b) CID
of the isolated ion/ion complex producing the [M+H+O]+ species, (c) MS3 of the oxidized
peptide, and (d) MS4 of the [b6+O-64]+ identifying the site of modification as the
methionine residue. Degree symbols (°) denote water losses whereas asterisks (*) denote
ammonia losses. Squares () denote fragments that have lost the modified methionine side
chain, e.g., y8 corresponds to [y8+O-HSOCH3]+. The lightning bolt () is used to denote
the ion that has been subjected to CID.
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Scheme 2.2. Proposed mechanism for ion/ion reaction between periodate anion and a
doubly cationic methionine-containing peptide to form the oxidized species. Adapted
from references 42 and 43.
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Figure 2.2. Spectra illustrating activation of ion/ion complexes produced via reactions
between periodate anions and doubly protonated (a) KGAILMGAILR, (b) substance P, (c)
MHRQETVDC, and (d) an eleven-residue segment of β-amyloid peptide. Lightning bolts
() indicate species subjected to CID.
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Figure 2.3. Ion trap CID of the [M+H+O]+ species for reactions between periodate anion
and doubly protonated (a) KGAILMGAILR, (b) substance P, (c) MHRQETVDC, and (d)
β-amyloid peptide residues 25-35. Degree symbols (°) denote water losses whereas
asterisks (*) denote ammonia losses. The lightning bolt () is used to denote the ion that
has been subjected to CID.
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Figure 2.4. Ion trap CID of 64 loss from the oxidized species produced via ion/ion reaction
between periodate anion and doubly protonated a) KGAILMGAILR and b) substance P.
MS4 of c) [b6+O-HOSCH3]+ produced from the ion/ion reaction between periodate anion
and doubly protonated ARAMAKA and d) [b6+O]+ produced from the ion/ion reaction
between periodate anion and doubly protonated ARAWAKA. Degree symbols (°) denote
water losses whereas asterisks (*) denote ammonia losses. Squares () denote fragments
that have lost the modified methionine side chain, e.g. y8 corresponds to [y8+OHSOCH3]+. The lightning bolt () is used to denote the ion that has been subjected to CID.
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Figure 2.5. Spectra illustrating activation of ion/ion complexes produced via reactions
between periodate anions and doubly protonated (a) ARAAAKA, (b) ARACAKA, and (c)
angiotensin II. Lightning bolts () indicate species subjected to CID.
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Figure 2.6. Spectra illustrating activation of ion/ion complexes produced via reactions
between periodate anions and doubly protonated (a) ARAWAKA, (b) Trp-11 Neurotensin,
and (c) GLSDGEWQQVLNVWGK. Lightning bolts () indicate species subjected to
CID.
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Figure 2.7. Ion trap CID spectra of (a) [M+2H+IO4-]+ species and (b) [M+H+O]+ species
produced via the ion/ion reaction between doubly protonated ARAMAWAKA and
periodate anions. No peaks corresponding to oxidation of the Trp residue are observed as
all species with the additional oxygen atom solely yield the 64 Da loss unique to oxidized
methionine. Degree symbols (°) denote water losses. Lightning bolts () indicate species
subjected to CID.
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Figure 2.8. Comparison of solution-phase and gas-phase oxidation of the peptide
ARAMAKA. (a) CID of the [M+H+O]+ species produced via solution-phase reaction with
sodium periodate, and (b) MS3 of the [M+H+O]+ from dissociation of the [M+2H+IO4 ]+
species produced by the gas-phase ion/ion reaction of doubly protonated ARAMAKA with
periodate anion. Lightning bolts () indicate species subjected to CID.
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Figure 2.9. a) Ion/ion reaction between doubly protonated GRGMGRGMGRL and
periodate anions. Product ion spectra derived from b) ion trap CID of [M+3H+2IO4-]+, c)
further activation of [M+H+2(O)]+, and d) activation of the 64 Da loss from the doubly
oxidized species, [M+H+2(O)-HSOCH3]+. Degree symbols (°) denote water losses
whereas asterisks (*) denote ammonia losses. Open squares () denote fragments that have
lost one modified methionine side chain while closed squares () denote fragments that
have lost two modified methionine side chains, e.g., y8 corresponds to [y8+O-HSOCH3]+
and y8 corresponds to [y8+O-2HSOCH3]+. The lightning bolt () is used to denote the
ion that has been subjected to CID
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CHAPTER THREE: SELECTIVE GAS-PHASE ION/ION REACTIONS: OXIDATION
AND CLEAVAGE OF DISULFIDE BONDS IN INTERMOLECULARLY-LINKED
POLYPEPTIDE IONS

3.1 Introduction
The formation of disulfide bonds is a post-translational modification (PTM) that
plays critical roles in the formation and stabilization of peptide and protein native
structures.1,2 Furthermore, peptides can form mixed disulfides with low molecular weight
thiols, most commonly glutathione (i.e., glutathionylation) and cysteine (i.e.,
cysteinylation), during times of oxidative stress to prevent the irreversible oxidation of
cysteine residues to their sulfinic and sulfonic acid derivatives.3-6 For these and other
reasons, the identification and characterization of disulfide linkages is of widespread
interest.7 Tandem mass spectrometry (MSn) has been used for the analysis of various PTMs
in peptides and proteins.8-11 In the case of protonated peptides and proteins containing
disulfide linkages, collision-induced dissociation (CID) often results in extensive backbone
fragmentation with little to no evidence for cleavage of the disulfide bond.7 Additionally,
intramolecular disulfide bonds can stabilize the regions of the peptide that are contained
between the linked cysteine residues, thereby inhibiting detectable fragmentation within
these regions and precluding the extraction of primary sequence information obtained for
these oftentimes biologically relevant regions.12,13 For these reasons, a variety of
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approaches have been developed to favor disulfide bond cleavage over the many other
competitive channels that may be available.
The selective cleavage of disulfide bonds in polypeptides can be effected in a
variety of ways. The most commonly employed methods are solution-phase oxidation with
performic acid11,40,41 and solution-phase reduction with one of a variety of reagents,
including dithiothreitol (DTT)14 and tris(2-carboxyethyl)phosphine (TCEP).15 Reduction
is often coupled with alkylation to prevent recombination of the disulfide bonds.16
Enzymatic digestion and MS analysis can then be used to identify fragments containing
disulfide bonds by comparison with the spectrum of the non-reduced sample.7 The
electrochemical reduction of disulfide linkages in peptide and polypeptide ions just prior
to electrospray ionization has also been described,17,18 while oxidation of disulfide linkages
in polypeptides has been noted via exposure of species in a nano-electrospray plume to
hydroxyl radicals generated via a low-temperature plasma.19-21 Subsequent collisional
activation of the oxidized disulfide-linked radical peptides resulted in cleavage of the
disulfide bond. Several gas-phase approaches have also been shown to lead to cleavages
along the disulfide linkage, either at the S-S bond or at an adjacent C-S bond. For example,
irradiation at 266 nm has been observed to lead to selective disulfide bond cleavage,22 as
has electron capture,23 electron transfer,24 and electron detachment25 dissociation.
Furthermore, collisional activation of peptide or protein cations with low proton mobility,26
as well as peptide or protein anions,27 has been noted to result in predominant cleavage of
the disulfide bonds. The ‘Route 66 Method’ uses the highly selective ejection of hydrogen
disulfide observed upon CID of sodium- and calcium-adducted peptides to identify and
localize disulfide bonds.28 The incorporation of transition metal anions, such as Fe- and Co-
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, has been used to preferentially cleave the C-S bond in disulfide-containing molecules.29
The incorporation of Fe+ into insulin anions via ion/ion reactions resulted in enhanced
cleavage near cysteine residues, either next to the disulfide-linked cysteine residue or at
the disulfide bond.30 The generation of aurated species, viz., [M+Au(I)]+ and [M+Au(III)2H]+, from multiply protonated disulfide-containing peptides and proteins via gas-phase
cation switching ion/ion reactions has been used to selectively cleave the disulfide bonds
in somatostatin and insulin upon CID.31,32 In this work, we demonstrate the gas-phase
oxidation of disulfide bonds to thiosulfinate esters (e.g., S(O)-S linkages) as a means for
labeling disulfide-linked polypeptide chains. Subsequent collisional activation of these
oxidized species results in dominant cleavage of disulfide bonds.
Ion/ion reactions have recently been used to carry out some common solution-phase
derivatizations in the gas-phase.33 These gas-phase reactions have several benefits over
their solution-phase counterparts including faster reaction times, greater control over the
extent of modification via control of both reactant concentrations and reaction times, and,
perhaps most significantly, the avoidance of complicating the sample mixture due to
unwanted side-reactions or the introduction of species that adversely affect ionization
yields.33 Recent examples of the manipulation of ion-type via ion/ion reactions include the
selective removal of alkali metal adducts from multiply charged peptides,34 the chargeinversion of phosphatidylethanolamine and phosphatidylcholine lipid cations to form
structurally informative anions35 and to differentiate isomers,36 and “Click” chemistry
reactions between azides and alkynes.37
In addition to the reactions described above, we have reported two methods for
generating oxidized peptides via ion/ion reactions. Both the selective oxidation of
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methionine residues to the sulfoxide form via ion/ion reactions with periodate anions38 and
the oxidation of multiply protonated polypeptides to various forms, including [M+H+O]+,
[M-H]+, and M+•, via ion/ion reactions with a suite of anionic reagents derived from
persulfate39 have been described. Here, we show disulfide bonds are also readily
susceptible to oxidation via ion/ion reactions with periodate and persulfate anions. While
oxidation is a common solution-phase method used to cleave disulfide bonds, the
thiosulfinate form is rarely seen.16,40,41 Instead, multiple oxygen atoms are added to the
cysteine residues involved in the disulfide bond to form the cysteic acid derivatives. 40 In
the gas-phase ion/ion reactions described here, the addition of one oxidizing reagent anion
results in the transfer of precisely one oxygen atom, thus limiting the oxidation to the
thiosulfinate form. The thiosulfinate can then undergo rearrangement to cleave the
disulfide bond upon CID. The ion/ion reaction approach described here enables the
screening of polypeptide cations for the presence of readily oxidized structural features,
such as disulfide bonds, within the context of an MSn experiment.

3.2 Experimental Section

3.2.1 Materials
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg,
NJ, USA). Sodium periodate, sodium persulfate, lysozyme, somatostatin, trypsin, cysteine,
methionine, S-nitrosoglutathione and ammonium bicarbonate were purchased from Sigma
Aldrich (St. Louis, MO, USA). ARACAKA was synthesized by Pepnome Ltd. (Shenzhen,
China). S-glutathionylated ARACAKA was prepared by incubating 1 mg of ARACAKA
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with 1 mg of S-nitrosoglutathione in 1 mL of water at 37 oC for one hour. S-cysteinylated
ARACAKA was prepared by combining 1 mg of ARACAKA with 1 mg of cysteine in
water for one week at room temperature. All peptide stock solutions for positive nanoelectrospray (nESI) were prepared in a 49.5/49.5/1 (vol/vol/vol) solution of
methanol/water/acetic acid at an initial concentration of ~1 mg/mL and diluted 100-fold
prior to use. Solutions of sodium persulfate (aqueous) and sodium periodate (50/50 vol/vol
methanol/water) anions were prepared at concentrations of ~1 mg/mL and diluted 10-fold
prior to use. Sodium periodate was incubated with 1 mg/mL of methionine (50/50 vol/vol
methanol/water) to yield the iodate (IO3-) anion.

3.2.2 Tryptic Digestion
Similar to a previously published procedure,42 one milligram of lysozyme or
somatostatin was dissolved in 0.5 mL of 200 mM aqueous ammonium bicarbonate. One
milligram of TPCK-treated trypsin was dissolved in 1 mL of water. Twenty microliters of
this solution was added to the lysozyme or somatostatin solution. The lysozyme reaction
mixture was incubated at 38 °C for ~18 hours to effect the digestion while the somatostatin
mixture was incubated at 38 °C for ~30 minutes. The digestion mixtures were used without
further purification. Twenty microliters of glacial acetic acid was added to the digestion
mixtures prior to analysis.
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3.2.3 Mass Spectrometry
Experiments were performed on either a QTRAP 4000 hybrid triple
quadrupole/linear ion trap or a TripleTOF 5600 mass spectrometer (Sciex, Concord, ON,
Canada), both previously modified for ion/ion reactions.43 For experiments using the
QTRAP platform multiply protonated peptides were isolated in the Q1-mass filter and
injected into the q2 reaction cell followed by singly charged reagent anions via alternately
pulsed nESI.44 The peptide cations and reagent anions were allowed to react for a mutual
storage reaction time of 20 ms – 1000 ms. The ion/ion reaction products were then
transferred to Q3, where the complex was subjected to further characterization via MS n
and mass analysis using mass-selective axial ejection (MSAE).45
For experiments performed in the TripleTOF 5600 mass spectrometer the tryptic
digestion mixture of lysozyme was subjected to positive nESI and accumulated in the q2
reaction cell without any isolation. The reagent anions (either IO4- or IO3-) were isolated in
Q1 prior to injection into q2 where they were allowed to react for <100 ms. The ion/ion
reaction products were then subjected to activation via dipolar direct current (DDC) CID,
a broadband heating technique where the ions are moved from the center of the trap towards
one of the rods to induce RF heating, to remove neutral HIO4 and HIO3 adducts prior to
mass analysis in the TOF.46 The spectrum resulting from DDC of the post-ion/ion products
from reaction with IO3- was subtracted from the analogous IO4- spectrum using the
subtraction tool in Sciex PeakView software (version 1.1.1.0) and the remaining peaks with
positive abundance were plotted as a function of mass to create the difference spectrum.
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3.3 Results and Discussion
Periodate anion and intact persulfate anion have both been shown to oxidize
polypeptides in the gas-phase, with persulfate anion being the stronger oxidizing agent.38,39
For the reactions shown here, these reagents are, for the most part, interchangeable. As the
stronger oxidizing agent of the two, persulfate tends to lead to more reactive pathways than
periodate. For this reason, the periodate anion was used here for most of the reactions but
some data using persulfate are included to demonstrate that it also can be used for disulfide
oxidation.

3.3.1 Demonstration of Phenomenology: Peptides Resulting From a Tryptic Digest of
Somatostatin
The gas-phase oxidation of intermolecularly disulfide-linked polypeptide chains is
illustrated with ions derived from the tryptic digestion of somatostatin, a 14-residue peptide
with the majority of the amino acids contained within a disulfide bridge between Cys-3
and Cys-14. The product generated from complete tryptic digestion (i.e., no missed
cleavages) is indicated as AGCK/TFTSC, where the slash indicates the presence of
separate peptides connected by a disulfide bond. Two isomeric products can arise from
tryptic digestion with one missed cleavage, depending upon which lysine is cleaved:
AGCK/NFFWKTFTSC

or

AGCKNFFWK/TFTSC.

Formation

of

the

AGCKNFFWK/TFTSC peptide appears to be favored as CID of the [M+H]+ species shows
very few fragments corresponding to the AGCK/NFFWKTFTSC peptide (Figure 3.1). The
[M+2H]2+ species from both AGCK/TFTSC and AGCKNFFWK/TFTSC were subjected
to ion/ion reactions with oxidizing anions. A greater degree of oxidation was observed for
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the smaller peptide with persulfate than with periodate whereas both reagents lead to highly
efficient oxidation of the larger peptide.
The spectrum obtained following ion/ion reaction between doubly protonated
AGCKNFFWK/TFTSC and periodate anion is shown in Figure 3.2(a). In general, direct
proton transfer and complex formation (i.e., attachment of the reagent anion to the cation)
are the two main competing reaction channels observed upon ion/ion reaction with these
reagents. Generation of the electrostatic complex is the dominant pathway observed in this
case, with proton transfer observed at a very minor abundance. Collisional activation of
this complex (Figure 3.2(b)) results in both proton transfer from the peptide to the reagent
and oxidation of the peptide to form the [M+H+O]+ species. Loss of carbonic acid from
the complex and from the [M+H+O]+ species, which could be distinguished from loss of
CH2SO on the basis of exact mass, is also observed in Figure 3.2(b). The loss of carbonic
acid was observed only when a C-terminal disulfide-linked cysteine was present. A
plausible mechanism for this loss is provided in Scheme 3.1. Additionally, activation of
the complex results in cleavage of the disulfide bond as the protonated A-chain
(AGCKNFFWK) is observed. The protonated B-chain is not observed, likely because of
the expected lesser proton affinity of the B-chain due to the absence of a basic side-chain.
Cleavage of the disulfide bond becomes the dominant pathway when the oxidized
[M+H+O]+ species is isolated and subjected to CID (Figure 3.2(c)). Some minor fragments
with the disulfide bond still intact are observed (i.e., Ab7B, Ay5+O, Ay7B+O,
nomenclature: capital letters refer to the peptide chain while lowercase letters next to them
refer to peptide backbone fragments along that chain, e.g., Ab7B corresponds to the b7 ion
from the A-chain connected to the intact B-chain via disulfide bond); these may well be
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derived from oxidation of the tryptophan residue instead of the disulfide bond. The peptide
corresponding to no missed cleavages from the tryptic digest of somatostatin,
AGCK/TFTSC, was also subjected to ion/ion reactions with oxidizing anions (persulfate,
in this case). Activation of the [M+H+O]+ species from AGCK/TFTSC is shown in Figure
3.2(d) and predominantly yields peaks corresponding to cleavage of the disulfide bond. An
additional stage of isolation and activation of the [A-H]+ ion was done to confirm the
sequence and identity of the peak (Figure 3.3).
Plausible mechanisms for the oxidation of a disulfide bond with periodate and the
resulting rearrangements that result in cleavage of the disulfide bond are shown in Scheme
3.2(a)-(d). Similar to the mechanisms proposed for the oxidation of methionine residues
via gas-phase ion/ion reactions with periodate anion,38 and the solution-phase oxidation of
disulfides with periodate,47 the reaction is presumed to proceed via nucleophilic attack by
one of the sulfur atoms in the disulfide bond on one of the oxygen atoms on the periodate
reagent (Scheme 3.2(a)). Activation of post-ion/ion oxidized species of peptides containing
intermolecular disulfide bonds results in a cluster of peaks arising from cleavage of the SS(O) and C-S bonds (Figure 3.2(b)-(d)). For two identical peptides, M, linked by a disulfide
bond, the cluster of peaks consists of several complementary ions, including the [MH]+/[M+H+O]+, [M-H-S]+/[M+H+S+O]+, and [M+H]+/[M-H+O]+ species, and results
from the abstraction of hydrogen atoms at different locations by one of the sulfur atoms in
the oxidized disulfide bond. A mechanism for the formation of the [M-H]+/[M+H+O]+ pair
is proposed in Scheme 3.2(b) and results from abstraction of the hydrogen atom on the
carbon adjacent to the non-oxidized sulfur atom. A mechanism for the formation of the [MH-S]+/[M+H+S+O]+ pair is proposed in Scheme 3.2(c) and results from abstraction of the
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hydrogen atom on the alpha carbon of the oxidized sulfur atom. A mechanism for the
formation of the [M+H]+/[M-H+O]+ pair is proposed in Scheme 3.2(d) and results from
abstraction of the hydrogen atom on the carbon adjacent to the oxidized sulfur atom. The
pattern of complementary cleavages associated with each of the initially linked peptide
chains makes de novo identification of a disulfide-containing peptide straightforward.

3.3.2 Identification of S-glutathionylated and S-cysteinylated Peptides via Oxidation
Ion/Ion Reactions
Oxidative stress in cells can lead to the reversible oxidation of cysteine thiols to the
sulfenic acid derivative (-SOH), which can be further, irreversibly, oxidized to the sulfinic
(-SO2H), and sulfonic (-SO3H) acid derivatives.3,4 Cysteine thiols play important roles in
the structure and stability of proteins, and thus, changes in their oxidation state can greatly
modify protein structure and physiological activity.3,4 In order to prevent the irreversible
oxidation of cysteine, free thiols can form mixed disulfides with low molecular weight
thiols, most commonly glutathione (S-glutathionylation) and free cysteine (Scysteinylation).5,6 Glutathionylation has also been implicated in the regulation of various
proteins, including signaling molecules, cytoskeletal proteins, transcription factors, and
enzymes.48-50 Here, we show that gas-phase oxidation of S-glutathionylated and Scysteinylated peptides yields dominant cleavage of the disulfide bond and ejection of the
glutathione or cysteine moieties resulting in easy to identify signature losses.
The model peptide ARACAKA was incubated with S-nitrosoglutathione to make
S-glutathionylated ARACAKA (structure shown in the inset of Figure 3.4(b)). Activation
of protonated S-glutathionylated ARACAKA is shown in Figure 3.4(c) and consists of
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several neutral losses characteristic of glutathionylated species (e.g., neutral loss of 129 Da
corresponding to pyroglutamic acid).51,52 While these neutral losses are often used to
identify S-glutathionylated peptides, these losses are not always present and can lead to
false negatives when trying to identify S-glutathionylation.53 The doubly protonated Sglutathionylated peptide was subjected to ion/ion reactions with periodate anion.
Generation of both the proton transfer product and the oxidized species is seen upon
activation of the ion/ion complex (Figure 3.4(a)). Additionally, cleavage of the disulfide
bond is already observed as indicated by the presence of the [A-H]+ peak, where A is
ARACAKA. Isolation and activation of the oxidized [M+H+O]+ species results almost
exclusively in peaks corresponding to cleavage of the disulfide bond (Figure 3.4(b)).
Similarly, ARACAKA was incubated with free cysteine to produce S-cysteinylated
ARACAKA (structure shown in the inset of Figure 3.4(d)). Doubly protonated Scysteinylated ARACAKA was subjected to ion/ion reaction with periodate anion and the
resulting ion/ion complex subjected to CID. Both the proton transfer [M+H]+ and oxidation
[M+H+O]+ species are produced upon activation of the [M+2H+IO4-]+, along with the [AH]+ species (A indicates ARACAKA) indicating cleavage of the disulfide bond. It is
important to note that activation of oxidized S-glutathionylated and S-cysteinylated
peptides exclusively results in neutral loss of the glutathione or cysteine modification with
a water (323 Da and 137 Da, respectively) due to the low proton affinities of the
modifications compared to the peptide. Several additional model peptides were modified
via S-glutathionylation and/or S-cysteinylation. All peptides studied reacted similarly to Sglutathionylated/cysteinylated ARACAKA as they underwent cleavage of the disulfide
bond to lose the signature losses (323 Da and 137 Da for S-glutathionylation and S-
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cysteinylation, respectively) upon activation of the oxidized species. These signature losses
can be used to identify doubly protonated S-glutathionylated and S-cysteinylated peptides
without prior knowledge of the sequence.

3.3.3 Identification of Disulfide-linked Peptides in a Tryptic Digest of Lysozyme
Enzymatic digestion of proteins leads to another common scenario for the
observation of disulfide-linked polypeptide chains. The behavior of such peptides is
illustrated here with tryptic peptides generated from lysozyme, a ~14.3 kDa protein with
four disulfide bonds. Tryptic digestion of lysozyme results in three peptides containing
disulfide bonds with one peptide containing an intermolecular and an intramolecular
disulfide bond, as well as peptides that do not contain disulfide linkages. All of the peptides
obtained from the tryptic digestion that were observed as multiply protonated species (all
peptides greater than five residues in length were observed, 88% sequence coverage) were
isolated and subjected to ion/ion reactions with oxidizing reagent anions.
Product ion spectra resulting from CID of adducted ions generated from periodate
anion reactions with the three digestion products containing disulfide linkages are shown
in Figure 3.5. Due to the facile nature of the disulfide bond cleavages, cleavage of disulfide
bonds was observed upon CID of the ion/ion complexes, without the need for further
activation of the [M+H+O]+ ions that were generated as first generation products. The
peptide of Figure 3.5(a), GYSLGNWVCAAK/CK, contains a tryptophan residue, which
has been shown to be marginally susceptible to gas-phase oxidation with periodate anion.38
Here, however, the disulfide bond is a more reactive site as it is preferentially oxidized
upon the addition of one periodate anion (Figure 3.5(a)). The second peptide shown,
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CELAAAMK/GCR, contains a methionine residue, which has the most readily oxidized
side-chain among the amino acids. In this case, the methionine residue is more reactive
than the disulfide bond and is preferentially oxidized upon the addition of one periodate
anion, as reflected by products that show loss of 64 Da corresponding to the loss of
methanesulfenic acid from oxidized methionine side-chains upon CID of the ion/ion
complex with one periodate anion (Figure 3.6). There is a minor population where the
disulfide bond undergoes oxidation, however, as some separated A- and B-chains are
observed. For more complete cleavage of the disulfide bond, a complex between the
peptide and two periodate anions was generated. In order to add two periodate anions the
triply charged peptide precursor must be used to avoid neutralization. The activation of the
complex between triply charged CELAAAMK/GCR and two periodate anions is shown in
Figure 3.5(b). Ramped CID, where the amplitude of the rf is ramped to bring a range of
m/z values into resonance with the auxiliary waveform used for CID, was done in order to
activate each loss of iodic or periodic acid to yield the oxidized peptide. Cleavage of the
disulfide bond is observed, as indicated by the presence of the separated A-chain. The
pattern of peaks indicating the cleavage of a disulfide bond is readily observed. Different
from before, however, is the addition of oxygen to each of the peaks in the motif. This is
because the A-chain contains the methionine residue, which was also oxidized by one of
the periodate anions.
The third disulfide-linked peptide, WWCNDGR/NLCNIPCSALLSDITASVNCAK,
contains one intramolecular (Cys-B3 to Cys-B21) and one intermolecular (Cys-A3 to CysB7) disulfide bond. While the doubly protonated peptide was observed upon positive nESI,
the singly charged post-ion/ion product would have been outside of the mass range of the
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instrument so the triply protonated peptide was used instead. Activation of the ion/ion
complex shows separation of the peptide chains into clusters of peaks consistent with the
pattern previously described (Figure 3.5(c)). Further CID of the [A-H]+ and [B-H]+ peaks
is consistent with the presence of an additional intramolecular disulfide bond containing
most of the residues in the B-chain, as there are no peaks corresponding to cleavage within
this region (Figure 3.7). It is possible that the addition of two periodate anions to the triplyprotonated species might show evidence for cleavage of both disulfide linkages but this
product was outside of the upper mass/charge range of the instrument used for these
experiments.
The non-disulfide containing peptides resulting from the tryptic digest of lysozyme
were also subjected to ion/ion reactions with persulfate anions to contrast their behaviors
with those of the disulfide-linked peptides. Three of these peptides, FESNFNTQATNR
(Figure 3.8(a)), HGLDNYR, and NTDGSTDYGILQINSR (data not shown), did not
contain any readily oxidized residues (methionine or tryptophan) and did not undergo any
oxidation upon activation of the ion/ion complex. Proton transfer was observed
exclusively. One of the peptides, GTDVQAWIR (Figure 3.8(b)), contained a tryptophan
residue and underwent very minor oxidation upon activation of the ion/ion complex. The
minor oxidation and lack of the product ion patterns observed for disulfide-containing
peptides reflects the lack of a disulfide bond in this peptide in de novo sequencing
applications. The final peptide, IVSDGNGMNAWVAWR (Figure 3.8(c) and (d)),
contained one methionine residue and two tryptophan residues. This peptide almost
exclusively yielded oxidation upon CID of the ion/ion complex (Figure 3.8(c)). Further
activation of the [M+H+O]+ species yielded a dominant 64 Da loss indicating that the
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oxidation occurred at a methionine side chain (Figure 3.8(d)). No evidence for a disulfide
bond upon activation of the ion/ion complex or the [M+H+O]+ species was noted for this
peptide. Based on the behavior of the singly oxidized CELAAAMK/GCR product ion
mentioned above, a minor contribution of CID products showing the pattern for disulfide
bond cleavage (see Figure 3.6) would be expected if it were present. Further evidence could
be obtained by the addition of more oxidizing anions to more highly charged species. These
three classes of peptides (lacking easily oxidized residues, containing a tryptophan, and
containing a methionine) can be easily distinguished from disulfide bond-containing
peptides via the absence of the pattern observed upon symmetric and asymmetric cleavage
of a disulfide bond.

3.3.4 Labeling Experiments Using an Entire Tryptic Digest Mixture without Separation
or Isolation
An interesting characteristic of the gas-phase oxidation chemistry is that it
effectively labels polypeptide ions that contain readily oxidized groups, with methionine
residues and disulfide linkages being the most reactive species. The tryptophan side-chain
is only modestly reactive. Peptide ions that lack these sites undergo proton transfer
exclusively. By comparing post-ion/ion reaction data using an oxidizing reagent anion with
results generated using a reagent that leads exclusively to proton transfer, it is
straightforward to identify ions that have undergone oxidation via the mass increase of 16
Da. To explore the utility of this method as a rapid method to identify analytes of interest
(viz., disulfide-linked peptides) via oxidative labeling, the entire tryptic digest of lysozyme
was subjected to ion/ion reactions with periodate and iodate anions. The positive nESI
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spectrum of the digest can be seen in Figure 3.9(a). The three disulfide-linked peptides are
all observed; each linked peptide is indicated with a different color. The entire ion
population shown in Figure 3.9(a) was then subjected to ion/ion reaction with periodate
anion to generate the spectrum shown in Figure 3.9(b). Some proton transfer species (i.e.,
HGLDNYR+ and GTDVQAWIR+) are observed along with ion/ion complexes. The postion/ion spectrum was then subjected to DDC CID to activate all of the ions simultaneously
(Figure 3.9(c)).
This process was then repeated using IO3- instead of IO4- and the post-ion/ion DDC
CID spectrum generated using IO3- was subtracted from the analogous spectrum generated
using IO4- to generate the spectrum shown in Figure 3.10. Since IO3- is incapable of
oxidation chemistry, the oxidized analytes of interest should remain in the difference
spectrum while species resulting from the proton transfer pathway are present in both postion/ion DDC CID spectra, and as such, are not observed in the difference spectrum. Indeed,
the peaks remaining in the Figure 3.10 difference spectrum are of three main types: (1)
residual ion/ion complexes with IO4- that survived the DDC CID step, (2) disulfide-linked
peptides that have undergone oxidation (i.e., the [M+H+O]+ species generated from HIO3
loss from the complex), and (3) peptides that were originally involved in disulfide linkages
and underwent oxidative disulfide cleavage to separate the peptides upon DDC CID (i.e.,
ions that arise from complexes that underwent successive loss of HIO3 and disulfide bond
cleavage). Of the three disulfide-linked peptides, two, CELAAAMK/GCR and
WWNCDGR/NLCNIPCSALLSDITASVNCAK, are observed in Figure 3.10 in their
oxidized form. Evidence for oxidative cleavage of the disulfide bonds in both of these
peptides is also observed (e.g., [CELAAAMK-H+O]+, [WWCNDGR-H]+, and
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[WWCNDGR+H+S+O]+).

The

species

[WWNCDGR/NLCNIPCSALLSDITASVNCAK+H+O]2+

corresponding
overlaps

with

to
the

[FESNFNTQAWIR+H+Na+IO4-]+ species. The isotopic distribution at this mass indicates
the presence of both doubly-charged and a singly-charged species and CID results in both
loss of HIO4 from the [FESNFNTQAWIR+H+Na+IO4-]+ species and oxidative cleavage
of the disulfide bond in WWCNDGR/NLCNIPCSALLSDITASVNCAK, thus confirming
the

presence

of

both

species.

While

the

third

disulfide-linked

peptide,

GYSLGNWVCAAK/CK, is not observed in its intact oxidized form, peaks corresponding
to the oxidative cleavage of its disulfide bond are apparent (e.g., [GYSLGNWVCAAKH]+ and [GYSLGNWVCAAK+H+O]+). In this case, all of the initially formed complexes
underwent sequential cleavages. (The DDC CID conditions can be tuned to decrease the
amount of secondary fragmentation that occurs to increase the amount of intact oxidized
peptide in the spectrum and thus, increase the likelihood of the [M+H+O] + appearing in
the difference spectrum.) The remaining peaks correspond to ion/ion complexes that did
not undergo dissociation (i.e., [HGLDNYR+H+Na+IO4-]+, [GTDVQAWIR+H+Na+IO4]+, etc.). Once again, the DDC CID conditions could be tuned to enhance dissociation of
these complexes; it is apparent that there is a compromise between increased dissociation
of ion/ion complexes and the prevention of secondary fragmentation of species containing
oxidized disulfide bonds. The peaks present in the difference spectrum indicate analytes of
interest that should be subjected to further analysis. Activation of the remaining ion/ion
complexes will result in loss of the periodate adduct. Activation of the oxidized, massshifted peaks, will result in oxidative cleavage of the disulfide bond and intermolecularlylinked peptides will separate. Activation of the peaks corresponding to oxidative cleavage
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of the disulfide bond will result in cleavage of the newly separated peptide along the
peptide backbone to provide further sequence information. This method provides a fast,
straightforward method of labeling peaks of interest in a tryptic digest.

3.4 Conclusions
The gas-phase oxidation of intermolecular disulfide bonds to the thiosulfinate ester
form is demonstrated here using gas-phase ion/ion reactions with periodate and persulfate
anions. Ion trap CID of the long-lived complex generated upon ion/ion reaction between
disulfide-containing species and oxidizing reagent monoanions results in oxygen transfer
from the reagent to the peptide to form the [M+H+O]+ species. The oxidized thiosulfinate
species undergoes rearrangement to cleave the oxidized disulfide bond, either at the S(O)S bond or the C-S(O) bond. These cleavages result in the generation of a pattern that can
easily be recognized to indicate the presence and cleavage of a disulfide bond. This
phenomenology was demonstrated here with S-glutathionylated and S-cysteinylated
peptides as well as intermolecularly-linked peptides derived from tryptic digestion of
somatostatin and lysozyme. Relative to other approaches for the selective gas-phase
cleavage of disulfide linkages, the oxidation approach is unique in that it can be used to
label species with readily oxidized sites. This characteristic enables an approach for
screening mixtures of ions for disulfide linkages. Ions derived from the entire tryptic digest
of lysozyme were subjected to oxidation ion/ion reactions without prior separation or
isolation of peaks, resulting in oxidative labeling of the disulfide-linked peptides that could
be easily identified by the 16 Da mass shift or by comparison with the analogous spectrum
derived from ion/ion reaction with a non-oxidizing reagent anion. This provides a novel

79
means for disulfide mapping studies that can be executed exclusively via MS n, thereby
avoiding sample manipulation in solution other than digestion.

Pilo, A. L.; McLuckey, S. A. Selective Gas-Phase Ion/Ion Reactions: Oxidation and
Cleavage of Disulfide Bonds in Intermolecularly-Linked Polypeptide Ions. Submitted for
publication in Analytical Chemistry. March 15, 2016. In revisions.
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Figure 3.1. Ion trap CID of the [M+H]+ species generated from a tryptic digest of
somatostatin with one missed cleavage. The two possible peptides resulting from one
missed cleavage are shown on the right. Italicized colored letters to the right of the peptide
indicate how the chain is referenced in the mass spectrum. All fragments are derived from
the missed cleavage corresponding to AGCKNFFWK/TFTSC. Degree signs (˚) indicate
water losses and the lightning bolt () indicates the species subjected to CID.
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Figure 3.2. Oxidation of two disulfide-linked peptides derived from a tryptic digest of
somatostatin. (a) Ion/ion reaction between AGCKNFFWK/TFTSC [M+2H]2+ and IO4-.
Activation of the (b) [M+2H+IO4-]+ and (c) [M+H+O]+ from the ion/ion reaction between
doubly protonated AGCKNFFWK/TFTSC and IO4-. (d) Activation of the [M+H+O]+
derived from the reaction between doubly protonated AGCK/TFTSC and HS2O8-.
Asterisks (*) indicate ammonia losses, degree signs (˚) indicate water losses, and lightning
bolts () indicate species subjected to CID.
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Scheme 3.1. Mechanism for the loss of carbonic acid from oxidized, disulfide-linked
peptides.
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Figure 3.3. CID of [AGCK-H]+ derived from ion/ion oxidation of the disulfide bond in
AGCK/TFTSC. Degree signs (˚) indicate water losses and the lightning bolt () indicates
the species subjected to CID.
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Scheme 3.2. Proposed mechanisms for the oxidation of disulfide bonds and cleavage of
the oxidized disulfide bonds.
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Figure 3.4. CID of ion/ion complex between periodate anion and doubly protonated (a) Sglutathionylated ARACAKA and (d) S-cysteinylated ARACAKA. (b) CID of [M+H+O]+
species of S-glutathionylated ARACAKA. (c) control CID of the [M+H]+ species of Sglutathionylated ARACAKA. Structures of S-glutathionylated and S-cysteinylated
ARACAKA inset in (b)/(c) and (d), respectively. ‘A’ refers to the peptide ARACAKA,
‘Glu’, and ‘Cys’ refer to glutathione and cysteine, respectively. Degree signs (˚) indicate
water losses and lightning bolts () indicate species subjected to CID.
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Figure 3.5. Activation of the ion/ion complexes between periodate anion and (a) doubly
protonated GYSLGNWVCAAK/CK, (b) triply protonated CELAAAMK/GCR, and (c)
triply protonated WWCNDGR/NLCNIPCSALLSSDITASVNCAK. Degree signs (˚)
indicate water losses, and lightning bolts () indicate species subjected to CID.
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Figure 3.6. Activation of the [M+H+O]+ species generated from CID of the complex
between CELAAAMK/GCR and periodate anion. Peaks indicating cleavage of the
disulfide bond are shown in red. Degree signs (˚) indicate water losses and the lightning
bolt () indicates the species subjected to CID.
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Figure 3.7. Activation of the [NLCNIPCSALLSSDITASVNCAK-H]+ species generated
from CID of the complex between WWCNDGR/NLCNIPCSALLSSDITASVNCAK
cation and periodate anion. Asterisks (*) indicate ammonia losses, degree signs (˚) indicate
water losses, and the lightning bolt () indicates the species subjected to CID.
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Figure 3.8. Activation of the ion/ion complexes between periodate and four tryptic peptides
from
lysozyme:
(a)
FESNFNTQATNR,
(b)
GTDVQAWIR,
and
(c)
+
IVSDGNGMNAWVAWR. (d) Further activation of the [M+H+O] species to demonstrate
the 64 Da losses indicating the oxidation occurs on a methionine side-chain. Asterisks (*)
indicate ammonia losses, degree signs (˚) indicate water losses, and the lightning bolts ()
indicate species subjected to CID. Squares (□) indicate the loss of methanesulfenic acid
(CH3SOH, 64 Da) from an oxidized methionine side-chain.
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Figure 3.9. (a) Positive nESI spectrum of the tryptic digest of lysozyme, (b) ion/ion reaction
between the entirety of (a) and IO4-, and (c) DDC CID. The peptide
WWCNDGR/NLCNIPCSALLSDITASVNCAK is indicated in the figure by the shortened
form, WWCNDGR/NLC-C-CAK.
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Figure 3.10. Difference spectrum where the DDC CID spectrum resulting from the ion/ion
reaction with IO3- is subtracted from that with IO4-. The peptide
WWCNDGR/NLCNIPCSALLSDITASVNCAK is indicated in the figure by the shortened
form, WWCNDGR/NLC-C-CAK.
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CHAPTER FOUR: SELECTIVE GAS-PHASE OXIDATION AND LOCALIZATION
OF ALKYLATED CYSTEINE RESIDUES IN POLYPEPTIDE IONS VIA ION/ION
CHEMISTRY

4.1 Introduction
The alkylation of cysteine is important from both biological and chemical
standpoints.1 Prenylation is perhaps the most important biological alkylation of cysteine as
it has been implicated in several cancers2-5 and other diseases,6-8 such as HutchinsonGilford progeria syndrome (HGPS), a genetic disease associated with premature aging in
children.9-11 Protein prenylation is the addition of one of two hydrophobic moieties
(farnesyl or geranylgeranyl) to the sulfur atom of a cysteine residue.2,12 Prenylated cysteine
residues are typically part of a C-terminal CAAX motif, where C is cysteine, A is an
aliphatic amino acid, and X is variable and determines whether the protein is farnesylated
or geranylgeranylated.2,13,14 Proteins with CXC and CC motifs can also undergo
prenylation.12,15 Prenylation is thought to promote protein-membrane16,17 and some
protein-protein interactions.18-20 Examples of proteins with several important proteinprotein and protein-membrane interactions21 that have been found in prenylated forms2,22
are Ras-proteins, the most common oncoproteins.3 Inhibiting Ras farnesylation has been
shown to block the signal transduction pathway and halt tumor cell growth.23,24 Other
proteins known to undergo prenylation include yeast mating factors,25,26 protein kinases,27
and nuclear lamins.12,28

98
In addition to prenylation, S-alkylation is also important in the mass spectrometric
(MS) analysis of disulfide bonds. Cysteine residues involved in disulfide bonds are
commonly reduced and alkylated prior to tandem MS experiments to maximize sequence
coverage. Collisional activation of disulfide bond-containing protonated peptides often
does not result in cleavage of the disulfide bond, which can complicate the generation of
information about residues contained within the region(s) protected by the disulfide bond.
Several derivatization strategies have been developed, including protection with αhalocarbonyls (e.g., iodoacetamides),29,30 conjugation to Michael acceptors (e.g.,
maleimides),31,32 and aminoethylation, which is oftentimes used to convert cysteine to
lysine mimics.33,34 Here, we demonstrate a robust method for the identification of S-alkyl
cysteine-containing peptides and the determination of the modifying alkyl group via gasphase oxidation ion/ion reactions.
Ion/ion reactions have recently been used to carry out common solution-phase
derivatizations in the gas-phase.35 Benefits of this approach include significantly shorter
reaction times, reduced chemical noise via mass selection of reactants, and control over the
extent of modification.35 Recent examples of covalent modification ion/ion reactions
include the synthesis of peptide bonds via N-hydroxysuccinimide36 and Woodward’s
Reagent K37 conjugation chemistry, “Click” chemistry reactions between alkynes and
azides,38 and esterification of carboxylate groups via alkyl cation transfer from fixed charge
cation reagents.39
The gas-phase oxidation of methionine and tryptophan side-chains,40 as well as
disulfide linkages,41 via ion/ion reactions with periodate anion, IO4-, has been shown
previously. Similar to solution-phase oxidation,42-47 methionine sulfoxide-containing

99
peptides yielded a signature loss of 64 Da upon collisional activation,40 corresponding to
the ejection of methane sulfenic acid. Furthermore, the oxidation of peptides to [M+H+O]+,
[M-H]+, and M+• species via reaction with a suite of reagents derived from persulfate has
been demonstrated.48 Here, we extend the approach used to oxidize methionine to S-alkyl
cysteine residues since they are similar in structure. The solution-phase oxidation of
various S-alkyl cysteine residues has been investigated previously and can also undergo
rearrangement upon activation to lose the alkyl sulfenic acid.49-51 The oxidation of
farnesylated and geranylgeranylated peptides has been investigated by Bhawal et al., who
proposed the identification and differentiation of farnesylated and geranylgeranylated
peptides via the signature loss observed upon collision-induced dissociation (CID) of the
sulfoxide derivatives.52 The gas-phase oxidation ion/ion approach retains the benefits of
the solution-phase derivatization techniques while allowing control over the extent of
modification (i.e., the number of oxygen addition events) and the species subjected to
oxidation. We demonstrate this oxidation with a variety of alkyl groups, including ethyl,
carbamidomethyl, and farnesyl groups. Furthermore, we show that further activation of the
alkyl sulfenic acid loss species results in c- and z-type ions N-terminal to the modified
cysteine residue due to generation of a dehydroalanine residue. These ions can be used to
indicate the presence and location of an oxidized S-alkyl cysteine.

100
4.2 Experimental Section

4.2.1 Materials
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg,
NJ, USA). Sodium periodate, iodoethane, dimethylformamide (DMF), trifluoroacetic acid
(TFA), n-propanol, zinc acetate (Zn(OAc)2), and trans,trans-farnesyl chloride were
purchased from Sigma Aldrich (St. Louis, MO, USA). RAKGCKGR was synthesized by
CHI Scientific (Maynard, MA, USA). KGAILCGIALK was synthesized by CPC Scientific
(Sunnyvale, CA, USA). A-factor was a generous gift from the Hrycyna Lab at Purdue
University. The carbamidomethyl (cam)-modified BSA tryptic digest was purchased from
ThermoFisher Scientific (Waltham, MA, USA). All peptide stock solutions for positive
nanoelectrospray

were

prepared

in

a

49.5/49.5/1

(vol/vol/vol)

solution

of

methanol/water/acetic acid at an initial concentration of ~1 mg/mL and diluted 100-fold
prior to use. The solution of sodium periodate (50/50 vol/vol methanol/water) anions was
prepared at a concentration of ~1 mg/mL and diluted 10-fold prior to use.

4.2.2 Syntheses
S-farnesyl KGAILCGIALK was prepared according to a previously published
procedure.53,54 Briefly, a solution of 1 mg KGAILCGIALK in 600 µL 2/1 (vol/vol) DMF/npropanol was prepared. 10 µL of farnesyl chloride was added to the peptide solution,
followed by 0.8 mg of Zn(OAc)2 in 200 µL 0.1% aqueous TFA. The reaction was allowed
to proceed at room temperature while shaking for 1 hour before being concentrated and re-

101
constituted in 200 µL 50/50 (vol/vol) H2O/ACN. This solution was then separated on a
reverse-phase HPLC (Agilent 1100, Palo Alto, CA) using an Aquapore RP-300 column
(Perkin-Elmer, Wellesley, MA). A linear 30 minute gradient from 0 to 100% B (A: 0.1%
aqueous TFA, B: 60/40/0.09 vol/vol/vol ACN/H2O/TFA) was run with a flow rate of 1
mL/min. The collected fractions were dried under vacuum and reconstituted in 49.5/49.5/1
(vol/vol/vol) MeOH/H2O/HOAc. For S-ethylation, RAKGCKGR (1 mg) was dissolved in
1 mL 500 mM Tris, 25 mM iodoethane. The reaction was allowed to proceed in the dark
for 30 minutes at room temperature.49

4.2.3 Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear
ion trap (AB Sciex, Concord, ON, Canada), previously modified for ion/ion reactions.55
Multiply protonated S-alkylated peptides were mass isolated in Q1 and injected into the q2
reaction cell followed by periodate anions via alternately pulsed nano-electrospray
ionization (nESI).56 The S-alkyl peptide cations and periodate anions were allowed to react
for a mutual storage reaction time of 20 ms – 1000 ms. The ion/ion reaction products were
then transferred to Q3, where the complex was subjected to further characterization via
MSn and mass analysis using mass-selective axial ejection (MSAE).57
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4.3 Results and Discussion

4.3.1 Demonstration of Phenomenology with an S-Ethylated Model Peptide
The gas-phase oxidation of S-alkyl cysteine residues is first demonstrated with ions
derived from the S-ethylation of a synthetic peptide, RAKGCKGR (denoted as
RAKGC(Et)KGR, structure shown in inset of Figure 4.1(a)), as it both closely mimics the
structure of and is isomeric with methionine. The [M+2H]2+ species from
RAKGC(Et)KGR was subjected to ion/ion reaction with IO4-, and the resulting spectrum
is shown in Figure 4.1(a). Upon ion/ion reaction, peptide cations can either transfer a proton
to the reagent anion to yield the charge-reduced peptide and neutral periodic acid (viz.,
HIO4) or adduct to the reagent anion to generate a long-lived electrostatic complex of the
form [M+2H+IO4-]+. Generation of the long-lived complex is the main product upon
reaction between RAKGC(Et)KGR [M+2H]2+ and IO4-; proton transfer along with
fragmentation of the complex (likely due to energetic transfer conditions between q2 and
Q3) to generate the [M+H+O]+ are observed at very minor abundances. Collisional
activation of the ion/ion complex between RAKGC(Et)KGR and IO4- is shown in Figure
1(b). While proton transfer from the peptide to the periodate anion is often observed upon
CID of ion/ion complexes of this type, it is not observed for the system described here;
activation of the ion/ion complex predominantly results in oxygen transfer from the reagent
anion to the peptide to yield the [M+H+O]+ species (Figure 4.1(b)). Additionally, further
fragmentation of the [M+H+O]+ species is observed, as indicated by the formation of the
c4 and y7□ ions (hollow square superscripts indicate fragments that have lost HOSR from
oxidized S-alkyl cysteine residues to generate dehydroalanine residues), and by the loss of
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HOSEt from the [M+H+O]+ peak. The oxidized [M+H+O]+ species was then isolated and
subjected to collisional activation (Figure 4.1(c)). Red squares in Figures 1-4 indicate loss
of HOSR from oxidized S-alkyl cysteine residues. In the case of RAKGC(Et)KGR, the red
square indicates loss of HOSEt (78 Da) from the oxidized side-chain to generate a
dehydroalanine residue. The spectrum resulting from activation of this species is shown in
Figure 4.1(d). The c4 ion is the most abundant ion produced upon CID of both the
[M+H+O]+ (Figure 4.1(c)) and the [M+H+O-HOSEt]+ species (red square, Figure 4.1(d)).
This ion corresponds to cleavage of the N-Cα bond N-terminal to the newly formed
dehydroalanine residue. Doubly protonated ARAC(Et)AKA was also subjected to ion/ion
reaction with IO4- (Figure 4.2). Similar to the results described here for RAKGC(Et)KGR,
activation of the oxidized species resulted in dominant loss of HOSEt (78 Da) to generate
the dehydroalanine species (Figure 4.2(b)). An additional step of activation on the HOSEt
loss resulted in abundant formation of the c3 ion due to the dehydroalanine effect (Figure
4.2(c)). The formation of c- and z-ions N-terminal to dehydroalanine has been observed
previously upon activation of anions derived from asymmetric cleavage of disulfide bonds.
58,59

Since c- and z-ions are not typically observed upon CID of protonated species, their

presence could be used to easily identify the presence and localization of an oxidized Salkyl cysteine residue.
A general mechanism for the oxidation of a doubly protonated peptide containing
an S-alkyl cysteine (R indicates any alkyl group) upon ion/ion reaction with periodate anion
is presented in Scheme 4.1. The first step is presumed to proceed via nucleophilic attack
by the sulfur atom on one of the neutral oxygen atoms on the periodate reagent with
concurrent proton transfer from the peptide to the reagent, similar to the mechanism
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proposed previously for the oxidation of methionine residues via ion/ion reactions with
periodate anions.40 Upon rearrangement, the S-alkyl cysteine is oxidized to the sulfoxide
derivative with concurrent loss of iodic acid (HIO3). Following the loss of iodic acid, the
neutral alkyl sulfenic acid is eliminated via a five-membered ring intermediate to generate
the dehydroalanine residue as discussed previously by Froelich and Reid.49 Collisional
activation of peptides containing dehydroalanine residues have been shown to undergo
enhanced cleavages of the N-Cα bond of the dehydroalanine residue to create c- and zions.58,59

4.3.2 Gas-Phase Oxidation of Cam-Protected Peptides
Collisional activation of protonated peptides and proteins containing disulfide
bonds results in fragmentation of the peptide or protein backbone; the disulfide linkage
often remains intact, thus complicating analysis and inhibiting fragmentation in the regions
protected by the disulfide linkages.60 For these reasons, disulfide bonds are commonly
reduced and alkylated prior to analysis. One of the most common protecting reagents is
iodoacetamide, which results in the formation of a stable S-carboxyamidomethylcysteine
group (abbreviated as ‘cam’, structure shown in inset of Figure 4.3(a)).29,30 Here we show
that this group is susceptible to oxidation upon ion/ion reaction with periodate anion.
Doubly protonated LFTFHADIC(cam)TLPDTEK, a tryptic peptide from BSA that has
been protected via solution-phase reaction with iodoacetamide, was subjected to ion/ion
reactions with IO4-. Activation of the long-lived complex, viz., [M+2H+IO4-]+, results in
both proton transfer from the peptide dication to the reagent anion to return the chargereduced [M+H]+ peptide and oxygen transfer from the reagent to the peptide to yield the
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oxidized [M+H+O]+ species (Figure 4.3(a)). Isolation and activation of the [M+H+O]+
species results in dominant loss of HOSCH2CONH2 (107 Da, red square in Figure 4.3(b)).
The c8 ion is the second most abundant ion in this spectrum and is derived from secondary
fragmentation of the N-Cα bond on the newly formed dehydroalanine residue. Further
isolation and activation of the dehydroalanine-containing species is shown in Figure 4.3(c).
In addition to the c8 ion, several backbone fragments are observed, both containing (b11□,
b13□, b15□, and y14□) and lacking (b7) the dehydroalanine residue. The peak corresponding
to 17 Da below the c8 ion can either correspond to the b8 ion or an ammonia loss from the
c8 ion. An additional step of CID on the c8-ion was performed and yielded a highly
abundant ammonia loss (Figure 4.4), indicating that this peak is likely a sequential
fragment from the c8 ion. These losses can be used to further confirm the location of the
original S-cam cysteine residue. Doubly protonated KGAILC(cam)GIALK was also
subjected to ion/ion reaction with IO4- (Figure 4.5). As expected, activation of the oxidized
species resulted in dominant loss of HOScam (Figure 4.5(b)) and further activation of the
HOScam loss resulted in dominant formation of the c5 ion due to the dehydroalanine effect
(Figure 4.5(c)).

4.3.3 Application to Prenylated Peptides
The prenylation of proteins is one of the most important post-translational lipid
modifications and results in addition of one of two hydrophobic moieties (either a farnesyl
or geranylgeranyl group) to the sulfur atom on a cysteine residue.1,2,12,61 Prenylation of
proteins has been implicated in various cancers,2-5 as well as Hutchinson-Gilford progeria
syndrome (HGPS),9-11 which causes premature aging in children, and as such, prenylation
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is a topic of widespread interest. Several biochemical methods, such as metabolic
labeling62,63 and modification of isoprenoid groups of prenylated peptides to alkyne or
azide functionalities for click chemistry reactions with modified biotin or fluorophores,64,65
have been developed to study prenylation. However, these methods are not efficient at
identifying prenylation and are unable to distinguish between farnesylation and
geranylgeranylation.52 Bhawal et al., recently demonstrated a method to both identify the
presence of prenylated peptides and differentiate between the two different types of
prenylation through the solution-phase oxidation of the prenylated peptides to the sulfoxide
derivative.52 Collisional activation of these oxidized peptides then resulted in a signature
loss of the prenyl sulfenic acid, the mass of which was used to distinguish between
farnesylation and geranylgeranylation. Here, we extend this chemistry to the gas-phase,
which allows the facile comparison of species before and after derivatization.
Doubly

protonated

S-farnesyl

KGAILCGIALK

(referred

to

as

KGAILC(far)GIALK) was subjected to ion/ion reactions with periodate anion. Activation
of the ion/ion complex is shown in Figure 4.6(a) and results in dominant formation of the
oxidized species with proton transfer observed as a minor pathway. Cleavage on either side
of the oxidized sulfur atom is also observed without the need for further activation. These
cleavages become the dominant pathways when the [M+H+O]+ species is isolated and
subjected to CID, as shown in Figure 4.6(b). The red square indicates the loss of HOSR,
where R is the farnesyl group, and occurs via the mechanism shown in Scheme 4.1. The
blue square indicates cleavage on the other side of the oxidized sulfur atom to lose the
farnesyl group. This loss occurs via abstraction of one of the protons on the farnesyl chain
and generates a cysteine sulfenic acid. Additionally, the c5 ion is present upon CID of the
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[M+H+O]+ species and indicates cleavage of the N-Cα bond on the newly formed
dehydroalanine. This ion becomes the most dominant ion in the spectrum when the
dehydroalanine-containing peptide (red square) is subjected to CID, as shown in Figure
4.6(c). Additionally, there are other backbone fragments both containing (b6□, b7□-H2O,
b8□-H2O, b9□-H2O, and y10□) and lacking (b4, b5, and c5) the dehydroalanine residue, which
can be used to further confirm the location of the modified residue.
A-factor is a yeast mating pheromone which is secreted by one of two haploid cell
mating types and, along with α-factor, promotes mating and diploid formation in yeast.66
It is a peptide of the sequence YIIKGVFWDPACVIA, where the cysteine is farnesylated.
Doubly protonated a-factor was subjected to ion/ion reactions with IO4-. Activation of the
resulting ion/ion complex resulted in dominant formation of the oxidized [M+H+O]+
(Figure 4.7(a)). Some sequential fragmentation to generate cleavages on either side of the
oxidized sulfur atom were observed along with the b9 fragment ion. The b9 ion corresponds
to cleavage between the aspartic acid and proline residues. Facile cleavages at Asp-Pro and
Asp-Xxx, where Xxx refers to other amino acids, have been investigated previously.67 It
was determined that the activation energy required to cleave Asp-Xxx bonds is lower than
the activation energy required to cleave the average peptide bond, with the Asp-Pro bond
being the most labile combination studied.67 Thus, formation of this b9 ion is an unusually
facile pathway. The spectrum corresponding to isolation and activation of the [M+H+O]+
species is shown in Figure 4.7(b) and results in dominant loss of the HOSfar group. This
cleavage is more dominant than even the b9 ion, demonstrating how favorable the sulfenic
acid loss pathway is. Cleavage on the other side of the sulfur atom (viz., the side farthest
from the peptide backbone) is also observed along with some internal fragments that result
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from cleavage of the aspartic acid-proline peptide bond and an additional peptide bond
elsewhere in the peptide. Isolation and activation of the dehydroalanine residue dominantly
yields the b9 ion (Figure 4.7(c)). The c11 ion, which is the signature cleavage indicating the
presence and location of a dehydroalanine residue, is present, though at a lower abundance
than observed for previous systems. This is likely due to the majority of the fragmentation
occurring through the extremely low energy pathway to generate the b9 ion. There are some
additional backbone fragments (b11, y12□, b13□+H2O, b14□) that can be used to aid in the
localization of the modification. Activation of protonated a-factor, which was not subjected
to any ion/ion reactions, is shown in Figure 4.7(d). Once again, the b9 ion is highly
dominant, along with some sequential internal fragments. Some additional b-ions are
observed (b8, b13, and b14) in lower abundance as well. Loss of the farnesyl group is
extremely low in abundance (indicated by the yellow square), and is close in mass to the
b13 ion, which could result in misidentification. It is apparent that the oxidation chemistry
described here makes identification and localization of various S-alkyl cysteine PTMs
facile and straightforward compared to traditional CID of the protonated species. The mass
of the sulfenic acid (HOSR) loss can be used to determine the identity of the alkyl group
bonded to the cysteine sulfur atom.

4.4 Conclusions
The gas-phase oxidation of various S-alkyl modifications of cysteine sulfur atoms
upon ion/ion reactions with IO4- has been demonstrated. Ion/ion reactions between doubly
protonated peptide cations and IO4- results in generation of a long-lived complex of the
form [M+2H+IO4-]+. Activation of this complex typically results in abundant formation of

109
the sulfoxide derivative, viz., [M+H+O]+, via oxygen transfer from the reagent to the
alkylated sulfur atom. Activation of the oxidized [M+H+O]+ species results in ejection of
the oxidized, alkylated sulfur atom as a sulfenic acid (HOSR, where R is an alkyl group)
to generate a dehydroalanine residue in place of the S-alkyl cysteine residue. Activation of
the dehydroalanine-containing species often results in cleavage of the N-Cα bond of the
dehydroalanine residue to generate c- and z-type ions. Since these types of ions are rarely
observed upon CID of protonated peptides, they can be used to indicate the presence and
location of a dehydroalanine residue, and thus, locate the position of the original S-alkyl
modification.

This

chemistry

was

illustrated

here

with

S-ethylated,

S-

carbamidomethylated, and S-farnesylated peptides.
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Figure 4.1 Oxidation of doubly protonated S-ethyl RAKGCKGR upon ion/ion reaction
with IO4-. (a) Ion/ion reaction between RAKGC(Et)KGR [M+2H]2+ and IO4-. Activation
of the (b) ion/ion complex, (c) [M+H+O]+ species, and (d) HOSEt loss. Insets show
structures of (a) S-ethyl cysteine, (b) and (c) oxidized S-ethyl cysteine, and (d)
dehydroalanine product formed upon loss of HOSEt. Red squares (■) indicate loss of
HOSR to form the dehydroalanine product, degree signs (°) indicate water losses, asterisks
(*) indicate ammonia losses, and lightning bolts () indicate the species subjected to CID.
Hollow square superscripts (□) indicate fragment ions that have lost the HOSR group.
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Scheme 4.1. Proposed mechanism for the ion/ion reaction between periodate anion and an
S-alkylated cysteine residue in a double protonated peptide followed by loss of the
sulfoxide group as HOSR (R indicates an alkyl group attached to the cysteine residue). See
reference 49 for further discussion of the last step to lose the alkyl sulfenic acid.
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Figure 4.2. Oxidation of doubly protonated S-ethyl ARACAKA upon ion/ion reaction with
IO4-. Activation of the (a) ion/ion complex, (b) [M+H+O]+ species, and (c) HOSEt loss.
Insets show structures of (a) S-ethyl cysteine, (b) oxidized S-ethyl cysteine, and (c)
dehydroalanine product formed upon loss of HOSEt. Red squares (■) indicate loss of
HOSR to form the dehydroalanine product, degree signs (°) indicate water losses, asterisks
(*) indicate ammonia losses, and lightning bolts () indicate species subjected to CID.
Hollow square superscripts (□) indicate fragment ions that have lost the HOSR group.
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Figure 4.3. Oxidation of LFTFHADIC(cam)TLPDTEK via ion/ion reaction with IO4-.
Activation of (a) [M+2H+IO4-]+, (b) [M+H+O]+, and (c) dehydroalanine product formed
upon HOScam loss from the [M+H+O]+ species. Insets show structures of (a) cammodified cysteine, (b) the modified side-chain upon oxidation, and (c) the dehydroalanine
residue produced upon loss of HOScam. Red squares (■) indicate loss of HOSR to form
the dehydroalanine product, degree signs (°) indicate water losses, asterisks (*) indicate
ammonia losses, and lightning bolts () indicate species subjected to CID. Hollow square
superscripts (□) indicate fragment ions that have lost the HOSR group.
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Figure 4.4. CID of LFTFHADIC(cam)TLPDTEK c8 ion derived from ion/ion reactions
with IO4-. Asterisks (*) indicate ammonia losses, degree signs (°) indicate water losses,
and the lightning bolt () indicates the species subjected to CID.
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Figure 4.5. Oxidation of KGAILC(cam)GIALK via ion/ion reaction with IO4-. Activation
of (a) [M+2H+IO4-]+, (b) [M+H+O]+, and (c) dehydroalanine product formed upon
HOScam loss from the [M+H+O]+ species. Insets show structures of (a) cam-modified
cysteine, (b) the modified side-chain upon oxidation, and (c) the dehydroalanine residue
produced upon loss of HOScam. Red squares () indicate loss of HOSR to form the
dehydroalanine product, degree signs (°) indicate water losses, asterisks (*) indicate
ammonia losses, and lightning bolts () indicate species subjected to CID. Hollow square
superscripts () indicate fragment ions that have lost the HOSR group.

122

Figure 4.6. Oxidation of KGAILC(far)GIALK via ion/ion reaction with IO4-. Activation of
(a) [M+2H+IO4-]+, (b) [M+H+O]+, and (c) dehydroalanine product formed upon HOSfar
loss from the [M+H+O]+ species. Insets show structures of (b) oxidized farnesylated
cysteine and (c) the dehydroalanine residue produced upon loss of HOSfar. Red squares
() indicate loss of HOSR to form the dehydroalanine product while blue squares ()
indicate cleavage on the other side of the sulfur atom. Degree signs (°) indicate water
losses, asterisks (*) indicate ammonia losses, and lightning bolts () indicate species
subjected to CID. Hollow square superscripts () indicate fragment ions that have lost the
HOSR group.
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Figure 4.7. (a) Oxidation of A-factor (sequence YIIKGVFWDPAC(far)VIA) via ion/ion
reaction with IO4-. Activation of (a) [M+2H+IO4-]+, (b) [M+H+O]+, and (c) dehydroalanine
product formed upon HOSfar loss from the [M+H+O]+ species. The control spectrum (d)
is the activation of the [M+H]+ species not subjected to ion/ion reactions. Insets show
structures of (a) oxidized farnesylated cysteine and (c) the dehydroalanine residue
produced upon loss of HOSfar. Red squares () indicate loss of HOSR to form the
dehydroalanine product, blue squares () indicate cleavage on the other side of the
oxidized sulfur atom, and yellow squares () indicate loss of the farnesyl group in the nonoxidized species. Degree signs (°) indicate water losses, asterisks (*) indicate ammonia
losses, and lightning bolts () indicate species subjected to CID. Hollow square
superscripts () indicate fragment ions that have lost the HOSR group.
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CHAPTER FIVE: OXIDATION OF NEUTRAL BASIC RESIDUES IN
POLYPEPTIDE IONS TO [M+H+O]+, [M-H]+, AND [M-H-NH3]+ SPECIES VIA GASPHASE ION/ION CHEMISTRY WITH PERIODATE ANIONS

5.1 Introduction
The manipulation of multiply charged analytes generated upon electrospray
ionization (ESI) has been successfully demonstrated on a variety of platforms with ion/ion
reactions.1 Ion/ion reactions either occur via long-range charge transfer of small charged
particles (viz., a ‘hopping’ mechanism) or through the formation of a long-lived complex.2
The most commonly employed ion/ion reactions are electron and proton transfer reactions,
both of which can occur via either complex formation or the ‘hopping’ mechanism. The
implementation of electron transfer dissociation (ETD),3 and its negative mode
counterpart, negative ETD (NETD),4,5 via ion/ion reactions between multiply protonated
analytes and anions with sufficiently low electron affinities is extremely useful in the
sequence analysis of peptides and proteins as it yields complementary ions to those
obtained upon CID and retains labile post-translational modifications.6,7 Proton transfer
charge-reduction ion/ion reactions have been used to simplify mass spectra by spreading
overlapping peaks over a larger m/z range, thus effectively increasing the peak capacity.810

The transfer of multiple protons has been used to charge invert (viz., change the polarity

of) analytes and has been used to reduce chemical noise in complex mixtures,11 increase
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structural information gained from lipids upon collision-induced dissociation (CID),12 and
differentiate phosphatidylcholine and phosphatidylethanolamine isomers.13
Several covalent modifications of bioanalytes have been demonstrated via ion/ion
reactions.1 Recent examples of covalent modification via ion/ion reactions include the
esterification of carboxylate groups via cation transfer,14 gas-phase conjugation of alkynes
and azides via ‘Click’ chemistry reactions,15 the N- and C-terminal extension of peptides
via conjugation with N-hydroxysuccinimide esters16 and Woodward’s Reagent K,17
respectively, and the conjugation of aldehydes and amines via gas-phase Schiff base
chemistry.18-21 Gas-phase ion/ion reactions have several benefits over traditional solutionphase derivatizations including much shorter reaction times (<1 sec), reduction of side
reactions via mass isolation of reactants, and control over the extent of reaction (viz.,
number of modifications that occur).1 Additionally, some unique chemistries can be
observed upon gas-phase ion/ion reactions that are hard to observe or isolate in condensed
phase.1,25
The gas-phase oxidation of disulfide bonds,22 S-alkyl cysteine residues,23
methionine, and tryptophan residues24 via ion/ion reactions with periodate anion has
recently been demonstrated. Furthermore, the oxidation of protonated polypeptides to
[M+H+O]+, [M-H]+, and M+• species upon ion/ion reactions with a suite of reagents derived
from persulfate has been demonstrated.25 These oxidation ion/ion reactions have been used
to determine which cysteine residues are involved in disulfide bonds, identify and localize
certain post-translational modifications (e.g., prenylation), and obtain additional primary
structural information. It was previously thought that, in unmodified non-disulfide linked
systems, methionine and tryptophan were the only amino acids that could undergo
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oxidation upon ion/ion reaction with periodate anion.24 Here, we show that peptides
containing neutral basic sites can also undergo oxidation upon ion/ion reactions with
periodate anion in the absence of the easily oxidized residues (viz., Met and Trp). Multiple
oxidized species, including the [M+H+O]+, [M-H]+, and [M-H-NH3]+, are observed upon
activation of the peptide-periodate ion/ion complex. Potential mechanisms to generate each
species are discussed. Finally, we demonstrate the oxidation of various cell-penetrating
peptides and a protein, systems which typically contain a high density of unprotonated
basic residues, with periodate anion upon ion/ion reaction.

5.2 Experimental Section

5.2.1 Materials
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg,
NJ). KAKAKAA was synthesized by NeoBioSci (Cambridge, MA), RARARAA was
synthesized by CHI Scientific (Maynard, MA), HAHAHAA was synthesized by Pepnome
Ltd. (Shenzhen, China), and RGAGGRGAGGHL was synthesized by CPC Scientific
(Dublin, CA). The cell-penetrating MAP peptide was obtained from AnaSpec (Fremont,
CA). Ubiquitin and sodium periodate were purchased from Sigma Aldrich (St. Louis, MO).
All peptide stock solutions for positive nanoelectrospray were prepared in a 49.5/49.5/1
(v/v/v) solution of methanol/water/acetic acid at an initial concentration of ~1 mg/mL and
diluted 100-fold prior to use. The periodate solution was prepared in a 50/50 (v/v) solution
of methanol/water at a concentration of ~1 mg/mL and diluted 10-fold prior to use.
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5.2.2 Mass Spectrometry
All peptide experiments were performed on a QTRAP 4000 hybrid triple
quadrupole/linear ion trap mass spectrometer (AB Sciex, Concord, ON, Canada),
previously modified for ion/ion reactions.26 Multiply protonated peptides and singly
charged anion reagent populations were sequentially injected into the instrument via
alternately pulsed nano-electrospray (nESI), independently isolated in the Q1-mass filter,
and injected into the q2 reaction cell where they were allowed to react for 20 – 1000 ms.27
The ion/ion reaction products were then transferred to Q3, where the complex was
subjected to further characterization via MSn and mass analysis using mass-selective axial
ejection (MSAE).28
All experiments with ubiquitin were performed on a TripleTOF 5600 mass
spectrometer (AB Sciex, Concord, ON, Canada), previously modified for ion/ion reactions.
The multiply protonated ubiquitin cations were ionized via positive nESI, isolated in transit
through Q1 and stored in q2. The periodate anions were then ionized via negative nESI,
isolated in transit through Q1 and mutually stored with the protein cations in q2 for 10 ms.
The ion/ion reaction products were then subjected to dipolar direct current (DDC) CID, a
broadband heating technique where the ions are moved from the center of the trap towards
one of the rods to induce rf heating,29 to remove the adducts and generate the oxidized
products.
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5.3 Results and Discussion
As demonstrated previously, peptides containing easily oxidized moieties (i.e.,
methionines,24 S-alkylated cysteines,23 and disulfide bonds22) yield dominant [M+H+O]+
species due to oxygen transfer from the reagent anion to the reactive side-chain upon
activation of peptide/periodate ion/ion complexes. Here, we show that peptides lacking
easily oxidized moieties can also undergo oxidation upon ion/ion reactions with IO4-.
Doubly protonated peptides lacking easily oxidized functional groups were subjected to
ion/ion reactions with IO4-. Upon reaction the doubly protonated peptide either transfers a
proton to the periodate anion to yield a charge-reduced species or generates a long-lived
ion/ion complex, viz., [M+2H+IO4-]+ with the reagent anion. Activation of this long-lived
complex either results in proton transfer from the peptide dication to the reagent anion to
generate the charge-reduced [M+H]+ species via loss of HIO4 or undergoes covalent
oxidation chemistry. The covalent chemistry can occur through multiple pathways: (i)
oxygen transfer from the reagent anion to the peptide cation to generate the [M+H+O]+
species via loss of HIO3, (ii) abstraction of two hydrogen atoms from the peptide cation by
the reagent anion to generate the [M-H]+ species via loss of H3IO4 (or HIO3+H2O, though
these are not observed as sequential losses), or (iii) abstraction of two hydrogen atoms and
an ammonia group to generate the [M-H-NH3]+ species via loss of H4IO4NH2 (or
HIO3+H2O+NH3). Here, we show that neutral basic sites can undergo these oxidation
chemistries upon gas-phase ion/ion reactions with IO4-.
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5.3.1 Oxidation of Neutral Arginine Residues
To demonstrate this chemistry, a series of doubly protonated model peptides of the
form XAXAXAA (X is Arg, Lys, or His) was subjected to ion/ion reactions with IO4-. The
ion/ion reaction between doubly protonated RARARAA and IO4- is shown in Figure 5.1.
Dominant complex formation to generate the [M+2H+IO4-]+ is observed, along with
extremely minor formation of the [M+H]+ species due to proton transfer from the peptide
dication to the reagent anion. Activation of the ion/ion complex is shown in Figure 5.2(a)
and results in dominant loss of H3IO4 to generate the [M-H]+ peak. The [M+H]+ and [MH-NH3]+ species are observed at moderate to high abundances. Minor formation of the
[M+H+O]+ species via loss of HIO3 is also observed. The inset in Figure 5.2(a) shows a
zoomed-in region around the [M+H]+ and [M-H]+ peaks to show the relative contributions
of each. While the [M-H]+ species could nominally correspond to a water loss from the
[M+H+O]+ species, this is likely not the case since (i) the [M+H+O]+ species is at such a
low abundance, and (ii) CID of the [M+H+O]+ species results in only minor water loss
(Figure 5.2(b)). While there was not enough signal to do MSn on the water loss from the
[M+H+O]+ species for this system, experiments with other peptides yielded different
spectra for activation of the [M-H]+ species directly from the complex and activation of the
[M+H+O-H2O]+ species, indicating that they are indeed different structures (vide infra).
Activation of the [M+H+O]+ species is shown in Figure 5.2(b) and dominantly
results in loss of C(NH)2 (42 Da) from a neutral arginine side-chain. An additional step of
activation on the [M+H+O-C(NH)2]+ species was done to obtain additional information
about the location of the modification (Figure 5.3). There are several modified and
unmodified b- and y-ions indicating multiple sites of oxidation. Activation of the [M-H]+
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species is shown in Figure 5.2(c) and results in a dominant ammonia loss as well as several
smaller b- and y-type fragments. The red circles in Figure 5.2(c) indicate fragments that
are shifted 2 Da lower than the expected mass, i.e., they are [b/y-H]+ type ions. The y6/y6
ions indicate that at least two different structures corresponding to oxidation of different
sites are present and the presence of only modified b5 and b6 ions support the conclusion
that the modification is occurring on arginine side-chains. Activation of the [M-H-NH3]+
species generated upon dissociation of the ion/ion complex is shown in Figure 5.2(d). Blue
diamonds indicate fragments that are shifted 19 Da lower than expected for unmodified
fragments, i.e., they are [b/y-H-NH3]+ fragment ions. The [M-H-NH3]+ species could
nominally correspond to loss of H4IO4NH2 (or HIO3+H2O+NH3) directly from the complex
or sequential loss of ammonia from the [M-H]+ species. For arginine-containing systems,
it seems that this peak corresponds to sequential loss of ammonia from the [M-H]+ species
as CID of the ammonia loss from the [M-H]+ peak (see Figure 5.4) is almost identical to
that obtained for CID of the [M-H-NH3]+ peak generated directly from CID of the ion/ion
complex (Figure 5.2(d)). However, this is not the case for lysine-containing systems (vide
infra).

5.3.2 Oxidation of Neutral Lysine Residues
Doubly protonated KAKAKAA was subjected to ion/ion reactions with IO4-.
Activation of the resulting ion/ion complex is shown in Figure 5.5(a). While proton transfer
from the peptide dication to the reagent anion to generate the [M+H]+ species is the
dominant pathway observed for this system, there is still abundant formation of the [MH]+ and [M-H-NH3]+ species. Once again, the oxygen transfer pathway to generate the
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[M+H+O]+ species is minor in abundance. Activation of the [M+H+O]+ species is shown
in Figure 5.5(b) and results in a wide variety of oxidized and unmodified b- and y-ions.
These pairs of modified and unmodified ions (y5/y5+O, y6/y6+O, b2/b2+O, b3/b3+O,
b4/b4+O) indicate multiple oxidation sites. For this system, the [M-H]+ species is smaller
in abundance than compared to the arginine-containing system discussed previously. To
ensure that the [M-H]+ is not simply derived from a water loss from the [M+H+O]+ species,
the spectrum resulting from CID of the [M-H]+ generated directly from the complex
(Figure 5.5(c)) was compared to that from CID of the water loss from the [M+H+O]+
(Figure 5.6). These spectra are indeed quite different, confirming that the [M-H]+ peak
observed is not simply derived from a sequential water loss from the [M+H+O]+ species.
Also of note in Figure 5.5(c) is the lack of ammonia loss from the [M-H]+ species. This
indicates that, unlike with RARARAA, the [M-H-NH3]+ peak is derived from a H4IO4NH2
loss directly from the complex as it cannot be a sequential ammonia loss from the [M-H]+
species. Activation of the [M-H-NH3]+ species is shown in Figure 5.5(d) and dominantly
results in ions that are shifted in mass by 19 Da, viz., [b/y-H-NH3]+ ions. Some smaller
unmodified ions are also present, once again indicating that the modification can occur on
any of the lysine side-chains.

5.3.3 Comparison of Charged and Neutral Basic Side-chains
Triply charged KAKAKAA and RARARAA were each subjected to ion/ion
reactions with IO4-. Triply charged KAKAKAA exclusively transferred a proton to the
periodate reagent anion to generate the charge-reduced species, no doubly charged
complex, viz., [M+3H+IO4-]2+ was observed (Figure 5.7). Double proton transfer to
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generate the [M+H]+ species was also observed, along with the singly charged, singly
adducted complex, viz., [M+2H+IO4-]+. This complex is identical to the one described in
the previous section derived from the ion/ion reaction between doubly protonated
KAKAKAA and periodate anion. Multiple oxidation events are not observed for this
peptide and it seems that the removal of one proton may be required for any oxidation to
occur. However, the lack of doubly adducted singly charged complex and singly adducted
doubly charged complex may be due to the lack of ‘stickiness’ (i.e., ability to form
electrostatic interactions that stabilize a long-lived complex) of the system, which causes
the proton transfer pathway to be favored.
The ion/ion reaction between triply protonated RARARAA and IO4- is shown in
Figure 5.8 and results in generation of doubly charged complex, viz., [M+3H+IO4-]2+,
singly charged monoadducted complex, viz., [M+2H+IO4-]+, and singly charged doubly
adducted complex, viz., [M+3H+2IO4-]+, along with minor proton transfer to generate the
[M+2H]2+ species. Arginine side-chains are ‘stickier’ than lysine side-chains, likely
contributing to the increased observation of the ion/ion complexes. Activation of the
doubly adducted complex, viz., [M+3H+2IO4-]+ is shown in Figure 5.8(b) and results in
loss of HIO4 to generate the [M+2H+IO4-]+ prior to sequential losses that generate the same
oxidized species as observed in Figure 5.2. Activation of the [M+3H+IO4-]2+ species results
almost exclusively in proton transfer, though there is a small amount of oxygen transfer
species observed (Figure 5.8(c)). Activation of the [M+2H+O]2+ (Figure 5.8(d)) species is
similar to activation of the [M+H+O]+ species (Figure 5.2(b)) as neutral losses of ammonia
and C(NH)2 are the dominant products observed. The lack of doubly oxidized species and
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the minor formation of singly oxidized species for the [M+3H+IO4-]2+ species indicate that
the oxidation chemistry described here likely requires a neutral basic site to occur.

5.3.4 Oxidation of Neutral Histidine Residues
Doubly protonated HAHAHAA was also subjected to ion/ion reactions with IO4-.
Unlike the other two systems described thus far, activation of this ion/ion complex
exclusively resulted in proton transfer, no oxidation chemistry was observed (Figure 5.9).
This lack of oxidation may have been due to the decreased “stickiness” (i.e., ability to form
strong electrostatic interactions) of HAHAHAA as compared to RARARAA and
KAKAKAA. To determine if histidine was capable of oxidation chemistry, doubly
protonated RGAGGRGAGGHL was subjected to ion/ion reactions with IO4- (Figure 5.10).
Since arginine has a much higher proton affinity than histidine, it is likely that both of the
arginine residues are protonated in this system, and as such, should not react. Activation of
the ion/ion complex dominantly resulted in proton transfer, however, a minor peak
corresponding to the [M+H+O]+ species was observed (Figure 5.10(a)). Neither the [MH]+ nor the [M-H-NH3]+ species were observed. Activation of the [M+H+O]+ species
(Figure 5.10(b)) resulted in a variety of modified and unmodified ions indicating a mixture
of structures. The non-oxidized b6 ion indicates that at least some population of ions is
oxidized at the histidine residue as both of the arginine residues are contained within this
fragment. Overall, however, oxidation of histidine residues upon ion/ion reaction with IO4is an extremely minor pathway.
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5.3.5 Proposed Mechanisms for the Oxidation of Neutral Basic Sites
Potential mechanisms for the oxidation of neutral arginine and lysine side-chains
to the [M-H]+ species are shown in Scheme 5.1. Similar to the mechanisms proposed for
the generation of the same species via ion/ion reactions with persulfate anion,25 the reaction
proceeds via abstraction of two hydrogen atoms from adjacent carbon and nitrogen atoms
with concurrent proton transfer from the peptide cation to the reagent anion. This results in
a degree of unsaturation along the neutral lysine or arginine side-chain upon ejection of
H3IO4. It is unclear whether H3IO4 fragments into the more stable HIO3+H2O pair after
ejection. Potential mechanisms for the oxidation of neutral lysine side-chains to the [M-HNH3]+ species are proposed in Scheme 5.2. The first mechanism (Scheme 5.2(a)) is
proposed for N-terminal lysine residues and occurs via nucleophilic attack on the periodate
by the N-terminus and the primary amine on the lysine side-chain. This forms an eightmembered ring which then rearranges to form a more stable six-membered ring. The
periodate then abstracts a hydrogen atom from the alpha-carbon of the lysine residue and
undergoes rearrangement to eject H4IO4NH2 and generate the structure shown in Scheme
5.2(a). It is unclear whether the H4IO4NH2 fragments into its more stable components, viz.,
HIO3+H2O+NH3 after ejection. The second mechanism proposed in Scheme 5.2(b) is for
the oxidation of an internal lysine residue and differs from Scheme 5.2(a) in that the
backbone nitrogen is now an amide instead of the N-terminus. Since the amide nitrogen
only has one hydrogen atom the eight- to six-membered ring rearrangement requires the
abstraction of a proton from elsewhere on the peptide and the final product now has a fixed
charge. Mechanisms to generate the [M+H+O]+ species out of neutral arginine and lysine
side-chains are proposed in Scheme 5.3.
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5.3.6 Oxidation of a Cell-Penetrating Peptide
Cell-penetrating peptides oftentimes have a large density of basic residues as the
positive charge helps in the association of the peptide with the negatively charged
proteoglycans and phospholipids on the cell surface.30-34 Doubly protonated model
amphipathic

peptide

(MAP),

a

cell-penetrating

peptide

of

the

sequence

KLALKLALKALKAALKLA that can be conjugated with large molecules and used as a
drug-delivery vehicle, was subjected to ion/ion reactions with IO4-.35,36 Similar to
KAKAKAA, activation of the ion/ion complex resulted in dominant formation of the
proton transfer [M+H]+ species along with generation of peaks corresponding to [M-H]+
and [M-H-NH3]+ at moderate to high abundance (Figure 5.11(a)). The oxygen transfer
species is small but has sufficient signal for an additional step of CID, as shown in Figure
5.11(b). A large variety of modified and unmodified b-ions are observed upon activation
of the [M+H+O]+ species, several of which indicate multiple oxidation sites within the
peptide. Similarly, the [M-H]+ and [M-H-NH3]+ species were subjected to CID and the
resulting spectra are shown in Figure 5.11(c) and (d), respectively. The majority of peaks
in these spectra are modified b-ions, though at least some pairs of modified and unmodified
ions are present in both spectra that indicate oxidation at multiple sites. Overall, the CID
spectra of each of these oxidized species is similar to the control spectrum taken for CID
of the protonated peptide (Figure 5.12). While the fragmentation pattern does not change
significantly, these oxidized species could be useful in the identification of species
containing a large number of basic residues as only peptides containing unprotonated basic
sites are susceptible to this type of oxidation chemistry.
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5.3.7 Oxidation of Ubiquitin
Another example of systems that contain unprotonated basic sites is proteins.
Ubiquitin is an ~8.6 kDa protein with 13 basic sites, 11 of which are arginine or lysine
residues. The [M+7H]7+ species of ubiquitin, which contains 6 unprotonated basic sites,
was subjected to ion/ion reactions with IO4-. Since ubiquitin also has one methionine
residue which can also undergo oxidation, two periodate anions were adducted to the
protein cation to generate the [M+7H+2IO4-]5+ species to increase the likelihood of neutral
basic site oxidation. Dipolar direct current (DDC) CID, a broadband heating technique,
was used to remove the periodate adducts and generate the oxidized species (Figure
5.13(a)). A variety of oxidized products are observed, including two oxygen transfer events
([M+5H+2(O)]5+), one oxygen transfer and one proton transfer event ([M+5H+O]5+), one
oxygen transfer and one hydrogen abstraction event ([M+3H+O]5+), two proton transfer
events ([M+5H]5+), one proton transfer and one hydrogen abstraction event ([M+3H]5+),
two

hydrogen

abstraction

events

([M+H]5+),

one

proton

transfer

and

one

ammonia/hydrogen abstraction event ([M+3H-NH3]5+), one hydrogen abstraction and one
ammonia/hydrogen abstraction event ([M+H-NH3]5+), and two ammonia/hydrogen
abstraction events ([M+H-NH3]5+). Additionally, there is some [M+5H+3(O)]5+ observed,
likely due to a small population of ubiquitin oxidized in solution. This solution-oxidized
peak likely contributes to the other distributions observed in Figure 5.13(a) as well.
Isolation of the unmodified [M+5H]5+ charge state derived from proton transfer ion/ion
reactions with the [M+7H]7+ charge state is shown in Figure 5.13(b) for comparison and a
small peak corresponding to solution-phase oxidation is observed. Comparison of Figure
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5.13(a) and (b) illustrates a shift to lower mass upon oxidation ion/ion reactions due to the
oxidation pathways available to unprotonated basic sites.

5.4 Conclusions
Here, we have demonstrated the oxidation of neutral basic sites in polypeptides and
a protein via ion/ion reactions with periodate anions. Ion/ion reactions between periodate
anions and neutral arginine-containing cations can result in generation of [M+H+O]+
species via oxygen transfer from periodate anion to the peptide cation or [M-H]+ species
via abstraction of two hydrogen atoms from the arginine side-chain by the reagent anion.
Ion/ion reactions between periodate anions and neutral lysine-containing cations can result
in generation of both of these two products, viz., [M+H+O]+ and [M-H]+, and an additional
species, [M-H-NH3]+. While this nominal ion is also observed for neutral argininecontaining peptides it is generated via a sequential ammonia loss from the [M-H]+ species
instead of directly from the complex as is the case for neutral lysine. Histidine was also
determined to undergo oxygen transfer chemistry upon ion/ion reaction with IO4-, though
to a significantly lesser extent. This oxidation chemistry was further demonstrated with a
cell-penetrating peptide containing a high density of lysine residues and ubiquitin, an ~8.6
kDa protein.
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Figure 5.1. Ion/ion reaction between doubly protonated RARARAA2+ and IO4-.
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Figure 5.2. Activation of (a) [M+2H+IO4-]+, (b) [M+H+O]+, (c) [M-H]+, and (d) [M-HNH3]+ species derived from the ion/ion reaction between doubly protonated RARARAA
and IO4-. Degree signs (°) indicate water loss, asterisks (*) indicate ammonia loss, and the
lightning bolt () is used to indicate species subjected to CID. Red circles () indicate
[b/y-H]+ species (i.e., 2 Da lower in mass than expected for unmodified b/y ions). Blue
diamonds () indicate [b/y-H-NH3]+ species (i.e., 19 Da lower in mass than expected for
unmodified b/y ions).
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Figure 5.3. CID of the 42 Da loss from the [M+H+O]+ species generated upon activation
of the ion/ion complex between doubly protonated RARARAA and IO4-. Degree signs (°)
indicate water loss, asterisks (*) indicate ammonia loss, and the lightning bolt () is used
to indicate species subjected to CID.
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Figure 5.4. CID of the ammonia loss from the [M-H]+ species generated upon activation
of the ion/ion complex between doubly protonated RARARAA and IO4-. Degree signs (°)
indicate water loss, asterisks (*) indicate ammonia loss, and the lightning bolt () is used
to indicate species subjected to CID. Orange diamonds () indicate ammonia losses from
[b/y-H]+ species (i.e., 19 Da lower in mass than expected for unmodified b/y ions).
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Figure 5.5. Activation of (a) [M+2H+IO4-]+, (b) [M+H+O]+, (c) [M-H]+, and (d) [M-HNH3]+ species derived from the ion/ion reaction between doubly protonated KAKAKAA
and IO4-. Degree signs (°) indicate water loss, asterisks (*) indicate ammonia loss, and the
lightning bolt () is used to indicate species subjected to CID. Red circles () indicate
[b/y-H]+ species (i.e., 2 Da lower in mass than expected for unmodified b/y ions). Blue
diamonds () indicate [b/y-H-NH3]+ species (i.e., 19 Da lower in mass than expected for
unmodified b/y ions).
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Figure 5.6. CID of the water loss from the [M+H+O]+ species generated upon activation
of the ion/ion complex between doubly protonated KAKAKAA and IO4-. Degree signs (°)
indicate water loss, asterisks (*) indicate ammonia loss, and the lightning bolt () is used
to indicate species subjected to CID. Purple stars () indicate water losses from
[b/y+H+O]+ species (i.e., 2 Da lower in mass than expected for unmodified b/y ions).
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Figure 5.7. Ion/ion reaction between triply charged KAKAKAA and IO4-. Asterisks (*)
indicate ammonia loss.
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Figure 5.8. (a) Ion/ion reaction between triply protonated RARARAA and IO4-. Activation
of (b) [M+3H+2IO4-]+, (c) [M+3H+IO4-]2+, and (d) [M+2H+O]2+. Degree signs (°) indicate
water loss, asterisks (*) indicate ammonia loss, and the lightning bolt () is used to
indicate species subjected to CID.
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Figure 5.9. CID of the [M+2H+IO4-]+ species generated upon ion/ion reaction between
doubly protonated HAHAHAA and IO4-. The delta sign (∆) indicates a contaminant ion
present in the isolation while the lightning bolt () indicates the species subjected to CID.
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Figure 5.10. CID of (a) the [M+2H+IO4-]+ and (b) the [M+H+O]+ species generated upon
ion/ion reaction between doubly protonated RGAGGRGAGGHL and IO4-. Degree signs
(°) indicate water loss, asterisks (*) indicate ammonia loss, and the lightning bolt () is
used to indicate species subjected to CID.
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Scheme 5.1. Proposed mechanisms for the generation of [M-H]+ species from neutral basic
side-chains upon ion/ion reaction with IO4-.
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Scheme 5.2. Proposed mechanisms for the oxidation of (a) N-terminal and (b) internal
lysine residues to [M-H-NH3]+ species upon ion/ion reaction with IO4-.
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Scheme 5.3. Proposed mechanisms for the oxidation of (a) neutral arginine and (b) neutral
lysine side-chains to [M+H+O]+ species upon ion/ion reaction with IO4-.
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Figure 5.11. Activation of (a) [M+2H+IO4-]+, (b) [M+H+O]+, (c) [M-H]+, and (d) [M-HNH3]+ species derived from the ion/ion reaction between doubly protonated MAP cellpenetrating peptide and IO4-. Degree signs (°) indicate water loss, asterisks (*) indicate
ammonia loss, and the lightning bolt () is used to indicate species subjected to CID. Red
circles () indicate [b/y-H]+ species (i.e., 2 Da lower in mass than expected for unmodified
b/y ions). Blue diamonds () indicate [b/y-H-NH3]+ species (i.e., 19 Da lower in mass than
expected for unmodified b/y ions). Fragments designated by letters and numbers indicate
internal fragments; the letter indicates the amino acid and the number indicates its position
in the peptide, e.g., A7-K16 indicates an internal fragment containing residues starting at
alanine in the seventh position through lysine at the sixteenth position.
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Figure 5.12. CID of protonated MAP. Degree signs (°) indicate water loss and the lightning
bolt () is used to indicate species subjected to CID. Fragments designated by letters and
numbers indicate internal fragments; the letter indicates the amino acid and the number
indicates its position in the peptide, e.g., A7-K16 indicates an internal fragment containing
residues starting at alanine in the seventh position through lysine at the sixteenth position.
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Figure 5.13. Zoom in of the region around the mass corresponding to ubiquitin [M+5H]5+
for (a) DDC CID of ion/ion reaction between ubiquitin [M+7H]7+ and IO4-, (b) chargereduction ion/ion reactions between ubiquitin [M+7H]7+ and perfluoro-1-octanol anions.
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CHAPTER SIX: TRANSFORMATION OF [M+2H]2+ PEPTIDE CATIONS TO [M-H]+,
[M+H+O]+, AND M+• CATIONS VIA ION/ION REACTIONS: REAGENT ANIONS
DERIVED FROM PERSULFATE

6.1 Introduction
Tandem mass spectrometry is a powerful approach for obtaining primary structural
information about a bioanalyte of interest. The information obtained from a tandem mass
spectrometry experiment is highly dependent on the nature of the gas-phase ions generated
from the molecules of interest.1 Different ion types (e.g., protonated molecule,
deprotonated molecule, metallated molecule, radical cation, radical anion, etc.) undergo
different fragmentation pathways upon activation, which can yield complementary
information. It is therefore useful to be able to generate different types of ions and to
manipulate ion-type within the mass spectrometer. The advent of electrospray ionization
(ESI) has made the generation of multiply-charged analytes straightforward.2,3 These ions
are typically protonated in the positive polarity and deprotonated in the negative polarity.
Gas-phase ion/ion reactions have been successful in transforming ESI-generated ions to an
ion-type different from the type initially generated within a mass spectrometer.4
The reduction of charge via proton transfer,5,6 electron transfer both to and from
multiply-charged analytes,7,8 and the addition or removal of metal ions9-11 are examples of
the manipulation of ion-type in the gas-phase via ion/ion reactions. Site-selective covalent
modification of peptides and proteins has also been demonstrated via ion/ion reactions. For
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example, N-hydroxysuccinimide (NHS) esters have been used to cross-link12,13 and
covalently label14-16 various nucleophiles in peptide ions, 4-formyl-1,3-benzenedisulfonic
acid (FBDSA) has been used to tag peptide ions via Schiff base chemistry,17-19 and Ncyclohexyl-N’-(2-morpholinoethyl)carbodiimide (CMC) has been used to selectively react
with carboxylic acids20 in various analytes. Ion/ion reactions occur on the typical reaction
time-scale of ~100 ms and can either proceed via the long-range transfer of small charged
particles, e.g., protons or electrons, or through the formation of a long-lived complex.4 This
gas-phase approach, particularly when implemented in a tandem mass spectrometer that
enables the mass-selection of both the reagent and analyte ions, allows greater control of
the extent of modification relative to solution-phase derivatization, which can complicate
the mass spectrum.
Recently, the oxidation of peptides via ion/ion reactions has been described.21
Peptides containing methionine and tryptophan are selectively oxidized to [M+H+O] +
cations upon ion/ion reactions with periodate anions. The oxidation of the methionine sidechain to the sulfoxide derivative induces a signature loss of 64 Da corresponding to the
ejection of methanesulfenic acid (CH3SOH).22-30 This signature loss can be used to
determine the presence and location of a methionine residue. Additionally, strategies to
oxidize protonated peptides to their radical analogs, viz., [M]+•, via ion/ion reactions have
recently been described.31 The gas-phase chemistry of radical peptide ions is an area of
growing interest as these species undergo different fragmentation pathways than their
protonated analogs upon activation.32,33 To this end, several strategies have been developed
to generate radical cations in the gas-phase to be analyzed via mass spectrometry.32,33 These
strategies include collision-induced dissociation (CID) of nitrosopeptides,34,35 CID of
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ternary metal-ligand-peptide complexes,36-42 photolysis of peptides with iodinated tyrosine
residues43 or iodinated electrostatic complexes,44 and free radical-initiated reactions.45,46
Here, we describe ion/ion reactions between peptide cations and three reagent
anions derived from persulfate to form three oxidized species; [M+H+O]+, [M]+•, and [MH]+. The three reagents are intact persulfate anions (HS2O8-, Figure 6.1(a)),
peroxymonosulfate anions (HSO5-, Figure 6.1(b)), and sulfate radical anions (SO4-•, Figure
6.1(c)). Reactions between doubly protonated peptides and each of the three reagents
results in formation of a long-lived complex. Activation of ion/ion complexes with intact
persulfate anions yields oxygen addition, viz., [M+H+O]+, and hydrogen deficient species,
viz., [M-H]+. Activation of analogous complexes with peroxymonosulfate anions yield the
oxygen addition product, viz., [M+H+O]+. The last reagent derived from persulfate is
sulfate radical anion, produced via homolytic cleavage of the persulfate peroxy-bond,
which is observed upon negative nESI of an aqueous solution of sodium persulfate (Figure
6.1(d)). Activation of the complex produced via ion/ion reactions with peptide dications
and sulfate radical anions yields the molecular radical peptide cation, [M]+•. This suite of
reagents derived from persulfate readily and efficiently converts protonated peptides into
various oxidized forms that, upon activation, may yield additional information about
peptide primary structure.
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6.2 Experimental Section

6.2.1 Materials
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg,
NJ, USA). Sodium persulfate, angiotensin III, and melittin were purchased from Sigma
Aldrich (St. Louis, MO, USA). Substance P and bradykinin were synthesized by Bachem
(King of Prussia, PA, USA). ARAAAKA and ARAMAKA were synthesized by
NeoBioLab (Cambridge, MA, USA). KGAILAGAILR and GAILAGAILR were
synthesized by SynPep (Dublin, CA, USA) and GAGGMGAGGRL was synthesized by
Pepnome Ltd. (Shenzhen, China). All peptide stock solutions for positive nanoelectrospray
were prepared in a 49.5/49.5/1 (vol/vol/vol) solution of methanol/water/acetic acid at an
initial concentration of ~1 mg/mL and diluted 100-fold prior to use. The persulfate solution
was prepared in 18 MΩ purified water using a Nanopure ultrapure water system from
Barnstead/Thermolyne Corp (Dubuque, IA) at a concentration of ~1 mg/mL and diluted
10-fold prior to use.

6.2.2 Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear
ion trap mass spectrometer (AB Sciex, Concord, ON, Canada), previously modified for
ion/ion reactions.47 Multiply protonated peptides were isolated in the Q1-mass filter and
injected into the q2 reaction cell followed by singly charged reagent anions via alternately
pulsed nano-electrospray (nESI).48 Both the intact persulfate anion (HS2O8-) and sulfate
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radical anion species (SO4-•) were present upon negative nESI of aqueous persulfate and
were isolated in Q1 prior to injection into the q2 reaction cell. Peroxymonosulfate anion
(HSO5-), however, is a fragment derived from intact persulfate and was obtained through
beam-type CID into the instrument via energetic interface conditions prior to isolation and
injection into q2. The peptide cations and reagent anions were allowed to react for a mutual
storage reaction time of 20 ms – 1000 ms. The ion/ion reaction products were then
transferred to Q3, where the complex was subjected to further characterization via MS n
and mass analysis using mass-selective axial ejection (MSAE).49

6.2.3 Calculations
Density function theory calculations have been carried out using the Gaussian 09
package.50 Structural optimizations and energy calculations were performed with
unrestricted B3LYP at the 6-31G(d) basis set for HSO4-, SO4-, CH3COOH, and CH3COO.
The bond dissociation energy (BDE) for H-SO4- was calculated by the isodesmic reaction
method51 using CH3COO-H as the reference molecule, the BDE of which was previously
determined experimentally.52 In detail, BDE(H-SO4-) was calculated using the following
equation.
BDE(H-SO4-) = BDE(H-SO4-)calculated + BDE(CH3COO-H)calculated - BDE(CH3COO-H)experimental

The value was then compared with amino acid BDEs reported by the Julian group
calculated via the same method.53
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6.3 Results and Discussion

6.3.1 Ion/Ion Reactions with the Suite of Reagents Derived from Persulfate
The nESI spectrum of an aqueous solution of sodium persulfate is shown in Figure
6.1(d). The base peak is the sodiated persulfate anion, though protonated persulfate is also
present in a high enough abundance for ion/ion reactions. While the sulfate radical anion
is observed at the same mass-to-charge ratio as the persulfate dianion, the majority of this
peak is the singly-charged radical species based on the isotopic distribution and lack of
anionic products observed during charge-inversion experiments (e.g., the reaction of singly
protonated peptides with dianions resulting in final negative charge overall). The doubly
charged species cannot be separated from the sulfate radical anion species of interest on
the basis of mass-to-charge ratio alone. However, the only deleterious impact from the
presence of a small persulfate dianion population in the sulfate radical anion population in
reactions with doubly charged peptide cations is a slight decrease in overall peptide ion
signal due to neutralization of the peptide by the dianion. While some peroxymonosulfate
anion is present in the original nESI spectrum acquired using a nozzle-skimmer voltage
difference of 25 V (Figure 6.1(d)), the abundance is significantly increased upon use of a
nozzle-skimmer voltage difference of 75 V (Figure 6.1(e)). A separate MS/MS experiment
indicated that CID of the singly charged persulfate anion results predominantly in
formation of the peroxymonosulfate anion (data not shown).
Ion/ion reactions between doubly protonated peptides and each of the reagent
anions derived from negative nESI of persulfate results in the formation of a long-lived
complex. Activation of this complex can either result in proton transfer from the peptide to
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the reagent to generate the charge-reduced [M+H]+ species or undergo one of the oxidative
pathways outlined in Scheme 6.1. The first two pathways (red arrows in Scheme 6.1) result
in oxygen transfer to the peptide to form the [M+H+O]+ species. Pathway A occurs via
H2SO4 loss from either CID of complexes with peroxymonosulfate anions or MS3 of the
SO3 loss from complexes with persulfate anions. Pathway B occurs via H2SO4 loss
followed by SO3 loss from complexes with persulfate anions. While Pathway B also
generates an oxidized species of the form [M+H+O]+, the structure of the final product is
not necessarily the same as the one obtained via Pathway A, as they proceed through
different intermediates. Loss of two sulfuric acid moieties from the ion/ion complex with
persulfate also occurs and results in the hydrogen-deficient [M-H]+ species via Pathway C
(blue arrow in Scheme 6.1). The formation of the peptide radical cation, viz., [M]+•, takes
place via Pathway D (orange arrow in Scheme 6.1), which involves doubly protonated
peptide in reaction with the sulfate radical anion and subsequent CID of the complex to
lose H2SO4. To demonstrate each of these pathways, doubly protonated substance P
(RPKPQQFFGLM) was reacted with each of the reagents derived from persulfate (HS2O8, HSO5-, and SO4-•) and the resulting ion/ion complexes were subjected to CID (Figure 6.2).
Activation of the ion/ion complex between substance P and peroxymonosulfate anion
proceeds exclusively via Pathway A to yield the [M+H+O]+ species (Figure 6.2 (a)).
Activation of the ion/ion complex between substance P and persulfate anion yields loss of
SO3 and loss of H2SO4 as well as formation of the oxidized [M+H+O]+ and [M-H]+ species
(Figure 6.2 (b)). The [M+H+O]+ species is produced via a combination of Pathways A and
B whereas the [M-H]+ species is produced via Pathway C. Pathway D is illustrated in
Figure 6.2(c) via CID of the complex produced upon ion/ion reaction of doubly protonated
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substance P with sulfate radical anion, which undergoes loss of H2SO4 to yield the [M]+•
cation. Each of the reagents derived from persulfate are discussed in detail below.

6.3.2 Ion/Ion Reactions with Peroxymonosulfate Anions to Form [M+H+O]+ Species
Ion/ion reactions with peroxymonosulfate anions result in oxidation of a peptide
via oxygen transfer from the reagent to the peptide. While the selective oxidation of
methionine and tryptophan side-chains via ion/ion reactions with periodate has recently
been described,21 peroxymonosulfate appears to be a stronger oxidizing reagent as peptides
both containing and lacking methionine and tryptophan residues are oxidized. This is
demonstrated in Figure 6.3 with ARAAAKA, a peptide that does not contain methionine
or tryptophan residues and, as such, is not susceptible to oxidation by periodate. The ion/ion
reaction between doubly protonated ARAAAKA and peroxymonosulfate results in both
proton transfer from the peptide to the anionic reagent resulting in the charge-reduced
[M+H]+ species and complex formation to produce the [M+2H+HSO5-]+ species (Figure
6.3 (a)). Activation of the complex either results in generation of the charge-reduced
species via proton transfer or formation of the oxidized [M+H+O]+ species via Pathway A
(Figure 6.3(b)). Note that the extent of oxidation in this case is much lower than for
substance P (Figure 6.2(a)), which has a methionine residue at the C-terminus. A proposed
mechanism for peroxymonosulfate oxidation is outlined in Scheme 6.2, which is analogous
to the accepted mechanism for oxygen transfer from alkyl hydrogen peroxides.54 The
peroxymonosulfate anion first abstracts a proton from the peptide. One of the nitrogen
atoms on the arginine side-chain then initiates a nucleophilic attack on the distal peroxy
oxygen atom. Rearrangement to lose neutral H2SO4 occurs and yields a charge-separated
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[M+H+O]+ species. Further rearrangement to eject NH2OH (33 Da) can proceed via
abstraction of a proton by the negatively charged oxygen atom to yield the final species
shown in Scheme 6.2. While arginine was chosen to illustrate the proposed mechanism in
Scheme 6.2, other sites on the peptide are capable of being oxidized via similar
mechanisms as well (Figure 6.4).
Activation of the oxidized species results in formation of an abundant b6+O ion
(Figure 6.3 (c)), which is produced via cleavage C-terminal to the lysine residue. This
spectrum is similar to CID of the unmodified peptide in which the b6 ion is the dominant
fragment observed (Figure 6.5). Further activation of the b6+O ion was performed to gather
more information about the site of oxidation, as shown in Figure 6.3(d). There are 33 Da
losses present throughout the product spectrum likely corresponding to losses of NH2OH
from oxidized lysine or arginine side-chains (Scheme 6.2). Additionally, while a series of
oxidized b-ions are observed, the presence of both the oxidized and the non-oxidized b2ion indicate the likelihood of multiple sites within the peptide being oxidized upon ion/ion
reaction with peroxymonosulfate anions.
While activation of the ion/ion complex between doubly protonated ARAAAKA
and peroxymonosulfate anion resulted in mainly proton transfer to produce the chargereduced species with oxidation of the peptide observed as a minor pathway (Figure 6.3
(b)), activation of the analogous complex with ARAMAKA exclusively results in oxygen
atom transfer (Figure 6.6 (a)). Additionally, activation of the oxidized ARAMAKA
species, [M+H+O]+, yields dominant 64 Da losses corresponding to ejection of CH3SOH
from the oxidized methionine side-chain (Figure 6.6(b)).22 -30 While the presence of a
methionine or tryptophan residue is not necessary for oxidation to occur, peptides

167
containing these residues demonstrate increased complex formation and oxidation
efficiencies and undergo preferential oxidation of the methionine or tryptophan side-chain.
The peroxymonosulfate anion oxidation chemistry is also demonstrated with bradykinin, a
widely studied 9-residue peptide (RPPGFSPFR). The efficiency of oxidation with
bradykinin is ~10%, which is similar to that observed with ARAAAKA (compare Figure
6.6(c) with Figure 6.3(b)). Additionally, similarly to ARAAAKA, the presence of both
oxidized and non-oxidized y8 ions upon CID of the [M+H+O]+ species indicates the
presence of multiple oxidation sites in the peptide (Figure 6.6 (d)). Spectra illustrating the
reactions between HSO5- and the [M+2H]2+ species of ARAMAKA and bradykinin are
shown in Figure 6.7.

6.3.3 Ion/Ion Reactions with Intact Persulfate (HS2O8-) Anions to Form [M+H+O]+ and
[M-H]+ Species
Intact persulfate is capable of oxidation via oxygen atom transfer to form
[M+H+O]+ as well as hydrogen abstraction to form the unique [M-H]+ species upon ion/ion
reactions with doubly protonated peptides. Oxygen atom transfer is capable of proceeding
via SO3 loss to form [M+2H+HSO5-]+, which is identical to the complex obtained via
ion/ion reactions directly with peroxymonosulfate anions, followed by H2SO4 loss
(Pathway A). Oxygen atom transfer may also proceed via initial loss of H2SO4 from the
complex to form [M+H+SO4]+ followed by SO3 loss (Pathway B). These processes can
result in oxidation at different sites in the peptides, as shown below. Additionally, loss of
two sulfuric acid moieties from the complex can occur to form a species of the nominal
form [M-H]+ (Pathway C).
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These three oxidation pathways are demonstrated in Figure 6.8 with the peptide
ARAMAKA. The ion/ion reaction between doubly protonated ARAMAKA and intact
persulfate anions is shown in Figure 6.8(a). Both proton transfer to form the charge-reduced
[M+H]+ species and complex formation occur upon ion/ion reaction. Some fragmentation
of the complexes due to energetic transfer conditions from the collision quadrupole to Q3
is also observed, as illustrated by the losses of SO3, H2SO4, and H2SO5 as well as the
formation of the [M+H+O]+ and [M-H]+ species. Collisional activation of the ion/ion
complex, [M+2H+HS2O8-]+, yields product ions from losses of SO3, H2SO4, and H2SO5,
each of which is discussed below. Additionally, formation of both oxidized species is
dominant, though it is unclear what percentage of these species is consecutive from the
SO3 and/or H2SO4 losses versus directly from the complex itself. Activation of the product
ion from SO3 loss exclusively yields the [M+H+O]+ species via Pathway A for
ARAMAKA (Figure 6.8 (c)) though proton transfer may also be observed for some
peptides. Activation of the H2SO4 loss yields both an SO3 loss to produce the [M+H+O]+
species and another H2SO4 loss to produce the [M-H]+ species (Figure 6.8(d)). Losses of
30 Da neutral species, corresponding to CH2O loss, from the complex, [M+H+O]+, and
b6+O species are also observed. This loss is likely to arise from oxidation of the terminal
carbon on the methionine side-chain via a mechanism proposed by Froelich and Reid.55
Activation of the H2SO5 loss exclusively undergoes ejection of neutral SO3 to form the
charge-reduced [M+H]+ species (Figure 6.9).
While a nominal [M+H+O]+ species is observed from both the SO3 and the H2SO4
losses, the oxidation does not necessarily occur at the same site(s), as demonstrated in
Figure 6.10 in which the [M+H+O]+ products from both pathways with ARAMAKA are
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subjected to CID. Activation of the [M+H+O]+ species produced via initial SO3 loss yields
dominant CH3SOH losses from the oxidized parent and b6 ions indicating exclusive
oxidation of the sulfur atom in the methionine side-chain (Figure 6.10(a)). This spectrum
is identical to that obtained from activation of the [M+H+O]+ species produced via
activation of the ion/ion complex between doubly protonated ARAMAKA and
peroxymonosulfate anions (see Figure 6.6(b)). While activation of the [M+H+O]+ species
produced via initial H2SO4 loss (Pathway B, Figure 6.10(b)) produces many of the same
peaks observed in the initial SO3 loss (Pathway A, Figure 6.10(a)) spectrum, there are some
key differences. The 64 Da loss corresponding to CH3SOH loss from the sulfoxide
derivative of the methionine side-chain is observed at a significantly lesser relative
abundance for the initial H2SO4 loss pathway. This indicates that, while oxygen transfer to
the sulfur atom is possible via this mechanism, there are likely other sites oxidized via this
pathway as well. Furthermore, CH2O loss is observed from initial H2SO4 loss (Figure
6.10(b)) but not initial SO3 loss (Figure 6.10(a)). As discussed above, this loss indicates
that the [M+H+O]+ ion produced via initial H2SO4 loss contains some population oxidized
at the terminal carbon on the methionine side-chain. Lastly, small signals corresponding to
non-oxidized y4 and y5 ions in Figure 6.10(b) but not in Figure 6.10(a) suggest that some
of the oxidation occurs on a site in the peptide other than the methionine residue upon
oxidation via Pathway B.
Scheme 6.3 depicts the proposed mechanisms for oxidation of methionine via
ion/ion reactions with intact persulfate anions. Scheme 6.3(a) illustrates oxidation of the
sulfur atom while Scheme 6.3(b) depicts oxidation of the terminal carbon atom in the
methionine side-chain via initial H2SO4 loss from an ion/ion complex with intact persulfate.
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Oxidation of the sulfur atom proceeds via initial proton transfer from the peptide to the
reagent followed by nucleophilic attack by the sulfur atom on one of the oxygen atoms in
the peroxy bond, resulting in loss of H2SO4. Further rearrangement occurs to eject neutral
SO3 and form a double bond between the sulfur and oxygen atoms (Scheme 6.3(a)).
Oxidation of the terminal carbon atom also undergoes proton transfer from the peptide to
the reagent, but is instead followed by abstraction of a hydrogen atom to cleave the peroxy
bond, eject neutral H2SO4, and form a bond between the β-peroxy oxygen atom and the
terminal carbon atom. The oxidizing oxygen then abstracts a proton, initiating SO3 loss
(Scheme 6.3(b)). This species can then lose CH2O via a mechanism proposed by Froelich
and Reid to yield a homocysteine functionality.55 Both mechanisms illustrated in Scheme
6.3(a) and (b) proceed via initial H2SO4 loss (Pathway B). However, activation of a
persulfate-containing ion/ion complex can also generate the [M+H+O]+ species via initial
SO3 loss (Pathway A) as depicted in Scheme 6.3(c). Initial SO3 loss results in a species
identical to the complex observed directly from ion/ion reactions between doubly
protonated peptides and peroxymonosulfate anions. After SO3 loss, proton transfer from
the peptide to the reagent anion occurs. This is followed by attack by the sulfur atom on
the distal oxygen atom with nucleophilic displacement of the peroxy oxygen and
simultaneous hydrogen migration as described by Bach, et al., for general reactions
between nucleophiles and peroxides.54 The specific reaction between HSO5- and thioesters
has also been previously investigated.56
The [M-H]+ species, which was observed to be generated as a major product only
with the persulfate anion, can nominally correspond to the loss of two sulfuric acid moieties
from the complex, viz., [M+2H+HS2O8--2H2SO4]+, or water loss from the oxygen transfer
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species, viz., [M+H+O-H2O]+. To investigate which structure should be assigned to this
unique species, the CID spectrum of the [M-H]+ species generated directly from the
complex was compared to that of the [M+H+O-H2O]+ species (Figure 6.11). The b6(-2) ion
is the base peak in both spectra, similar to the spectrum corresponding to CID of the
unmodified peptide in which the b6 is the base peak (data not shown). Parentheses indicate
that the mass of the reported ion is 2 Da less than expected for an unmodified peptide. The
2 Da mass difference can either come from loss of water from an oxygen transfer species
or abstraction of two hydrogen atoms. Various b and b(-2) ions are observed throughout
both spectra. However, there are 64 Da losses (CH3SOH) in the [M+H+O-H2O]+ product
spectrum (Figure 6.11(b)) that are not observed in the [M-H]+ product spectrum (Figure
6.11(a)). These CH3SOH losses indicate that there is some population of peptides with
oxidized sulfur atoms on the methionine side-chain that have lost water from elsewhere in
the peptide. The absence of these losses in the product spectrum of the [M-H]+ ion indicate
that no sulfur oxidation is present. Furthermore, small signals due to c2, c3, and c5 ions are
observed upon CID of [M-H]+ (Figure 6.11(a)) but not [M+H+O-H2O]+ and a small y5 ion
is observed upon CID for [M+H+O-H2O]+ (Figure 6.11(b)) but not [M-H]+. These
differences suggest that very little, if any, of the [M-H]+ ion population results from water
loss from the oxidized species and is likely produced by hydrogen abstraction via loss of
two neutral H2SO4 moieties. It is also worth noting that the abundance of water loss from
CID of the [M+H+O]+ species is low (see Figure 6.10) compared to the abundance of the
[M-H]+ observed from activation of the complex (Figure 6.8(b)), further supporting the
hydrogen abstraction pathway. Oxidation of the non-arginine containing peptide
KAKAKAA via ion/ion reaction with intact persulfate anion is shown in Figure 6.4.
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We have found that the formation of the [M-H]+ ion from the [M+2H]2+ ion via
reaction with the persulfate anion requires the presence of an unprotonated basic site. For
instance, doubly protonated GAILAGAILR forms an ion/ion complex upon reaction with
persulfate anion, but activation of this complex leads predominantly to [M+H]+ (i.e., proton
transfer from the peptide to the reagent anion) and, to a lesser degree, SO3 loss (Figure
6.12(a)). Activation of the reaction complex between persulfate and doubly protonated
KGAILAGAILR, on the other hand, yields the [M-H]+ ion as the base peak along with less
abundant formation of the [M+H+O]+ ion as well as losses of SO3, H2SO4, and H2SO5
(Figure 6.12(b)). Furthermore, triply protonated KGAILAGAILR primarily leads to proton
transfer and a minor loss of SO3 upon activation of the ion/ion complex with persulfate
anion (Figure 6.12(c)). We also note that species containing easily oxidized residues
undergo oxygen transfer in the absence of an unprotonated basic residue to form the
[M+H+O]+ species, as illustrated with the doubly protonated peptide GAGGMGAGGRL
in Figure 6.13, but not the [M-H]+ ion. These trends indicate that the chemistry proceeding
via the initial H2SO4 loss pathway requires an unprotonated basic site to occur. Potential
mechanisms for the generation of the [M-H]+ species for each of the three unprotonated
basic amino acids are proposed in Scheme 4. The peroxy bond in persulfate is labile (BDE
reported to be 33.5 kcal/mol)57 and is capable of homolytic cleavage to form two radical
species. The proposed reaction proceeds via formation of a 6-membered ring upon which
radical rearrangement occurs to abstract two hydrogen atoms from adjacent atoms.
Additionally, the anionic site on the reagent takes a proton from another basic site along
the peptide. This results in ejection of two sulfuric acid moieties and the creation of a
double bond between adjacent atoms in the unprotonated amino acid side-chain, or in the
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case of histidine, between the α– and β–carbons. The hydrogen atoms abstracted in Scheme
4 were chosen because they had the lowest local bond dissociation energies, as reported by
Benjamin and Julian.53 While the mechanism proposed in Scheme 4 is one possibility for
how the reaction between basic sites and intact persulfate proceeds, there are other possible
mechanisms, one of which is presented in Scheme 6.5.

6.3.4 Ion/Ion Reactions with Sulfate Radical Anion (SO4-•) to Form Peptide Radical
Cations ([M]+•)
The creation of gas-phase peptide radical cations is an area of growing interest as
the activation of these radical species yields information complementary to that obtained
via CID of the protonated species. Strategies to generate radical cations and examination
of the fragmentation pathways they undergo have recently been reviewed.33,58,59 Several
strategies for the creation of radical cations via gas-phase ion/ion reactions have also
recently been described.31 Here, we demonstrate the generation of peptide radical cations
in the gas-phase via ion/ion reactions with the sulfate radical anion. The reaction proceeds
via a long-lived complex of the form [M+2H+SO4-•]+, which undergoes facile loss of
sulfuric acid to efficiently yield the peptide radical cation of interest, viz., [M]+•.
The generation of the molecular radical cation from doubly protonated angiotensin
III (RVYIHPF) via ion/ion reactions with sulfate radical anion is shown in Figure 6.14.
Activation of the ion/ion complex, [M+2H+SO4-•]+, yields a dominant sulfuric acid loss to
produce the peptide radical cation (Figure 6.14(a)). Further activation of the [M]+• yields
neutral losses as well as cleavages along the peptide backbone to form the a3 through a5ions and the z4•-ion (Figure 6.14(b)). The dominant neutral losses observed are CO2 from
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the C-terminus and p-quinomethide (106 Da) from the tyrosine side-chain. This spectrum
agrees well with the SID spectrum of the angiotensin III radical cation produced by Yang
et al. via in-source fragmentation of [CoIII(salen)M]+ and [CuII(terpy)M]+ complexes.60
Activation of the protonated peptide is shown in Figure 6.14(c) for comparison and is
dominated by water and ammonia losses, although a-, b-, and y-type ions are also observed.
Calculations were performed to determine the bond dissociation energy (BDE) of
H-SO4- and compared to the values previously reported by the Julian group for abstraction
of each of the hydrogen atoms on all of the amino acids.53 The calculated BDE for H-SO4is 454 kJ/mol with an expected error of ~10 kJ/mol.53 This value is higher than most of the
values reported for abstracting H-atoms from amino acids with the exception of aromatic
carbon radical centers which, in general, are the least stable radical centers. Notably, the
H-SO4- BDE is higher than those reported for abstraction of hydrogen atoms attached to
alpha- (325.5 – 372.3 kJ/mol) and beta- (348.2 – 428.5 kJ/mol) carbons, indicating that the
sulfate radical anion can theoretically abstract a hydrogen atom from any peptide upon
reaction.53 Ion/ion reactions with sulfate radical anions are a robust and efficient method
of generating peptide radical cations from their protonated dicationic counterparts in the
gas-phase.
Peptide cations with multiple radical sites can be generated via sequential ion/ion
reactions between multiply protonated peptides and sulfate radical anions. Multiply
protonated peptides of the form [M+nH]n+ can, in principle, undergo up to (n-1) additions
of sulfate radical anion before neutralization. The [M+5H]5+ species of melittin, a large 26residue peptide, was subjected to ion/ion reactions with sulfate radical anions. Addition of
up to three sulfate radical anions was observed, as shown in Figure 6.15(a). (Addition of a
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fourth sulfate radical anion is possible prior to neutralization but is not observed as it is
beyond the upper mass-to-charge limit of the instrument.) Activation of the triply adducted
species yields sequential losses of sulfuric acid to produce a species of the nominal form
[M-H]2+••• (Figure 6.15(b)). Further MSn on this peak is dominated by neutral losses with
smaller peaks corresponding to both charge-directed (b-, y-type ions) and radical-directed
(z- and c-type ions) backbone cleavages (Figure 6.15(c)). This example also demonstrates
the facile ability to generate radical cations from relatively large polypeptide systems via
ion/ion reactions with the sulfate radical anion.

6.4 Conclusions
The generation of various oxidized species, including [M-H]+, [M+H+O]+, and
[M]+• peptide cations, from multiply-protonated peptides has been demonstrated using
ion/ion reactions with a novel suite of reagents derived from persulfate. Peroxymonosulfate
anion, HSO5-, results in oxygen transfer from the reagent to the peptide to yield the
[M+H+O]+ cation upon loss of SO3. The intact persulfate anion, HS2O8-, can transfer
oxygen from the reagent to the peptide via two distinct pathways to yield the [M+H+O] +
cation or it can abstract two hydrogen atoms from unprotonated basic side-chains to yield
the [M-H]+ cation upon ejection of two neutral sulfuric acid molecules. The latter reaction
represents a process without precedent in gas-phase ion/ion chemistry. The sulfate radical
anion, SO4-•, abstracts a hydrogen atom from the peptide to generate the peptide radical
cation, [M]+•, upon loss of one neutral sulfuric acid molecule. These three reagents are
either observed directly upon negative nESI of an aqueous solution of persulfate under
gentle interface conditions or produced via CID of the reagent under harsher interface
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conditions thereby providing multiple reagent options within one sample. These results
demonstrate that persulfate can provide a unique array of reagent anions for the
transformation of multiply protonated peptide ions to other ion-types.

Reprinted with permission from Pilo, A. L.; Bu, J.; McLuckey, S. A. J. Am. Soc. Mass
Spectrom. 2015, 26, 1103-1114. Copyright (2015) Journal of the American Society of
Mass Spectrometry.
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Figure 6.1. Structures of (a) intact persulfate mono-anion (HS2O8-), (b) peroxymonosulfate
anion (HSO5-), and (c) sulfate radical anion (SO4-•). Spectra derived from negative nESI of
an aqueous solution of sodium persulfate using a nozzle-skimmer voltage difference of (d)
25 V and (e) 75 V.
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Scheme 6.1. Summary of oxidative pathways available to a doubly protonated peptide upon
ion/ion reaction with each of the reagents derived from persulfate and subsequent MSn
(CID indicated by Δ) of the complexes. Black arrows indicate an ion/ion reaction, the
orange arrow indicates the pathway to create a radical peptide cation, the blue arrow
indicates the pathway to form the hydrogen-deficient [M-H]+ species, red arrows indicate
oxygen transfer pathways to form the [M+H+O]+ species with the dashed arrow indicating
a pathway that results in a structure different than that obtained via solid-arrow pathways,
and the purple arrow indicates the generation of a species capable of proceeding via either
the oxygen transfer or the hydrogen abstraction pathway.

185

Figure 6.2. Product ion spectra derived from CID of complexes produced via ion/ion
reactions between doubly protonated substance P (RPKPQQFFGLM) and (a) HSO5-, (b),
HS2O8-, and (c) SO4-•. The lightning bolt () indicates species subjected to CID.
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Figure 6.3. Oxidation of ARAAAKA via ion/ion reaction with peroxymonosulfate. (a)
Ion/ion reaction between doubly protonated ARAAAKA and peroxymonosulfate anion,
(b) activation of the ion/ion complex, (c) activation of the [M+H+O]+ oxidized species, and
(d) further activation of the oxidized b6 ion to further provide sequence information.
Asterisks (*) indicate ammonia losses, degree signs (˚) indicate water losses, and the
lightning bolt () indicates species subjected to CID.
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Scheme 6.2. Mechanism of [M+H+O]+ formation via ion/ion reaction between
peroxymonosulfate anion and an arginine-containing peptide and NH2OH loss from
oxidized arginine side-chain.
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Figure 6.4. Oxidation of KAKAKAA via ion/ion reactions with peroxymonosulfate and
intact persulfate. Activation of (a) the complex between doubly protonated KAKAKAA
and peroxymonosulfate anion, (b) [M+H+O]+, (c) the complex between doubly protonated
KAKAKAA and intact persulfate anion, and (d) [M-H]+. Asterisks (*) indicate ammonia
losses, degree signs (˚) indicate water losses, and the lightning bolt () indicates species
subjected to CID.
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Figure 6.5. Control spectrum illustrating CID of ARAAAKA [M+H]+ showing dominant
production of the b6 ion. Asterisks (*) indicate ammonia losses, degree signs (˚) indicate
water losses, and the lightning bolt () indicates the species subjected to CID.
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Figure 6.6. Activation of the ion/ion complex produced via the ion/ion reaction between
peroxymonosulfate anions and doubly protonated (a) ARAMAKA and (c) bradykinin
(RPPGFSPFR). Further CID of the [M+H+O]+ species produced for (b) ARAMAKA and
(d) bradykinin. Asterisks (*) indicate ammonia losses, degree signs (°) indicate water
losses, and the lightning bolt () indicates species subjected to CID.
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Figure 6.7. Ion/ion reactions between HSO5- and the [M+2H]2+ species of (a) ARAMAKA,
and (b) RPPGFSPFR. The diamond () indicates the formation of an ion/ion complex
between the [M+2H]2+ species and NaSO4-, present as a contaminant in the isolation of
HSO5-.
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Figure 6.8. Reaction between doubly protonated ARAMAKA and intact persulfate. (a)
Ion/ion reaction between [ARAMAKA+2H]2+ and HS2O8-, (b) activation of the ion/ion
complex, (c) activation of the SO3 loss from the complex, and (d) activation of the H2SO4
loss from the complex. Asterisks (*) indicate ammonia losses, degree signs (°) indicate
water losses, and the lightning bolt () indicates species subjected to CID.
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Figure 6.9. Reaction between doubly protonated ARAMAKA and intact persulfate anion
and subsequent CID of the H2SO5 loss peak, nominally represented as [M+H+SO3]+ to
produce the proton transfer species, [M+H]+. Asterisks (*) indicate ammonia losses, degree
signs (˚) indicate water losses, and the lightning bolt () indicates the species subjected to
CID.
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Figure 6.10. Comparison of activation of the [M+H+O]+ species produced via the ion/ion
reaction between doubly protonated ARAMAKA and persulfate anion. Activation of the
[M+H+O]+ species produced from (a) SO3 loss and (b) H2SO4 loss pathways. Asterisks (*)
indicate ammonia losses, degree signs (°) indicate water losses, and the lightning bolt ()
indicates species subjected to CID.
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Scheme 6.3. Mechanism of reaction for methionine residues and HS2O8- to yield oxidation
of (a) the sulfur atom, and (b) the carbon atom, via initial H2SO4 loss and (c) oxidation of
the sulfur atom via initial SO3 loss.
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Figure 6.11. Comparison of species nominally corresponding to [M-H]+ produced via the
ion/ion reaction between doubly protonated ARAMAKA and intact persulfate anion.
Activation of (a) the ion/ion complex and (b) water loss from the oxidized species.
Asterisks (*) indicate ammonia losses, degree signs (°) indicate water losses, and the
lightning bolt () indicates species subjected to CID.
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Figure 6.12. Activation of ion/ion complexes between persulfate anions and (a) doubly
protonated GAILAGAILR, (b) doubly protonated KGAILAGAILR, and (c) triply
protonated KGAILAGAILR. Asterisks (*) indicate ammonia losses and the lightning bolt
() indicates species subjected to CID.
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Figure 6.13. Reaction between doubly protonated GAGGMGAGGRL and intact persulfate
anion and subsequent CID of the complex, viz., [M+2H+HS2O8-]+. The lightning bolt ()
indicates the species subjected to CID.
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Scheme 6.4. Mechanisms to form [M-H]+ species upon reaction between intact persulfate
anion and (a) lysine, (b) arginine, and (c) histidine.
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Scheme 6.5. Alternative mechanism for oxidation of lysine with intact persulfate anion.
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Figure 6.14. Product ion spectra derived from CID of (a) the ion/ion complex between
angiotensin III (RVYIHPF) and sulfate radical anion, (b) the radical peptide cation of
angiotensin III, and (c) protonated angiotensin III. Asterisks (*) indicate ammonia losses,
degree signs (°) indicate water losses, and the lightning bolt () indicates species subjected
to CID. Loss of 106 Da indicates loss of p-quinomethide (C7H6O) from the tyrosine sidechain.
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Figure 6.15. Generation of multiple radical sites in melittin. (a) Ion/ion reaction between
sulfate radical anion and melittin [M+5H]5+. (b) CID of the triply adducted species. (c) CID
of the third H2SO4 loss from the triply adducted species, viz., [M-H]2+•••. Asterisks (*)
indicate ammonia losses, degree signs (°) indicate water losses, and the lightning bolt ()
indicates species subjected to CID. Green circles indicate H2SO4 loss.
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CHAPTER SEVEN: THE DEHYDROALANINE EFFECT: ENHANCED CLEAVAGE
N-TERMINAL TO DEHYDROALANINE RESIDUES

7.1 Introduction
Tandem mass spectrometry (MSn) is an invaluable tool for the analysis of peptides
and proteins due to the primary structural information gained from the observed fragments.
The fragmentation of peptides and proteins depends heavily on the sequence and ion type
of the species of interest. Certain amino acids can enhance cleavages at specific sites along
the peptide or protein backbone under specific circumstances. Arguably the two most wellknown examples of this phenomenon are the aspartic acid effect1-3 and the proline effect.1,46

The aspartic acid effect results in cleavage of the peptide bond C-terminal to the aspartic

acid to generate b- and y-ions. This process proceeds through the cyclization of the aspartic
acid side-chain to cleave the peptide bond and occurs under proton mobility-limited
environments (i.e., the number of arginine residues is greater than the number of protons).13

Conversely, the proline effect occurs when there is a mobile proton and results in cleavage

of the peptide bond N-terminal to the proline residue. The proline amide group is a tertiary
nitrogen and has a greater basicity than the surrounding amide bonds, thus facilitating the
association of the mobile proton with the tertiary nitrogen and resulting in enhanced
charge-directed cleavage N-terminal to the proline residue.1,4-6 Recently, the enhanced
cleavage C-terminal to ornithine, a non-proteinogenic amino acid, has been described and
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dominated peptide fragmentation patterns, even when aspartic acid or proline residues were
present.7
Dehydroalanine is another non-proteinogenic amino acid that can impact the
fragmentation of peptides and proteins upon activation. Dehydroalanine is found in nature
in peptide toxins (e.g., microcystins8) and antibiotics (e.g., thiostrepton,9 nocathiacins,10
lantibiotics11-14) as well as in proteins,17,18 and commonly undergoes reactions with various
nucleophiles.11-14 Dehydroalanine is generated through the elimination of water11-14 and
hydrogen sulfide15,16 from serine and cysteine, respectively. Additionally, conversion of
tyrosine to dehydroalanine in the protein thyroglobulin is observed during thyroid hormone
biosynthesis.17,18 There are also a variety of solution-phase synthetic routes to generate
dehydroalanine, including oxidative elimination from S-alkyl cysteine and Sephenylselenocysteine residues,19-24 the activation and elimination of serine derivatives,25
and enzymatic approaches.26 The synthesis of dehydroalanine is a widely investigated area
of interest as dehydroalanine residues are readily transformed via conjugation to
thiol19,20,27-29 and amine30 functionalities. For example, the conjugation of various thiol
groups to dehydroalanine has been used to mimic various post-translational modifications
(PTMs), including phosphorylation, glycosylation, and lipidation.11,31-36
Dehydroalanine residues can also be generated in the gas-phase. Asymmetric
cleavage of disulfide bond occurs upon collision-induced dissociation (CID) of disulfidelinked peptide/protein anions37,38 and proton mobility-limited cations39 and generates a
dehydroalanine residue. It was widely thought that the loss of H3PO4 from phosphoserine
residues generated a dehydroalanine, though more recent work by Palumbo, Tepe, and
Reid, indicates that it may actually be a five-membered oxazoline ring instead.40 The highly
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selective ejection of HOSR (R indicates an alkyl group) from oxidized S-alkyl cysteine
residues upon CID has been reported to generate a dehydroalanine residue.41-43 Oddelectron species undergo neutral side-chain losses upon collisional activation, several of
which generate dehydroalanine.44 Furthermore, it has been shown that activation of
dehydroalanine-containing species generated from asymmetric disulfide bonds undergo
enhanced cleavage of the N-Cα bond of the dehydroalanine residue to generate c- and ztype ions.37,39 As these ion types are not generally observed upon CID of positively charged
even-electron species these ions can be used to indicate the presence of and locate
dehydroalanine residues.
Here, we investigate the activation of dehydroalanine-containing peptides
generated from a variety of methods. We also describe the activation of dehydroalaninecontaining peptides and proteins generated through gas-phase ion/ion reactions. As
dehydroalanine residues are reactive with various nucleophiles in solution, the gas-phase
synthetic approach provides an efficient, selective, and significantly faster way to generate
dehydroalanine residues without undesired side reactions.45 The introduction of species
that induce selective cleavages upon CID is analogous to the enzymatic digestions
commonly done in solution and may provide complementary primary structural
information to that obtained from the more common non-selective approaches.
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7.2 Experimental Section

7.2.1 Materials
Methanol, ammonium hydroxide, and glacial acetic acid were purchased from
Mallinckrodt

(Phillipsburg,

NJ,

USA).

Sodium

periodate,

sodium

persulfate,

2,2,3,3,4,4,5,5,6,6,7,7,8,8,8,-pentadecafluoro-1-octanol (PFO), trypsin, bovine pancreas
trypsin inhibitor (BPTI), ammonium bicarbonate, somatostatin, and S-nitrosoglutathione
were purchased from Sigma Aldrich (St. Louis, MO, USA). RAKGCKGR was synthesized
by CHI Scientific (Maynard, MA, USA). A-factor was a generous gift from the Hrycyna
Lab at Purdue University. The cam-modified bovine serum albumin (BSA) tryptic digest
was purchased from ThermoFisher Scientific (Waltham, MA, USA). ARAMAKA and
GRGMGRGMGRL were synthesized by Pepnome Limited (Shenzhen, China).
RKRpSRAE was synthesized by AnaSpec (Fremont, CA, USA). All peptide and protein
stock solutions for positive nanoelectrospray were prepared in a 49.5/49.5/1 (vol/vol/vol)
solution of methanol/water/acetic acid at an initial concentration of ~1 mg/mL and diluted
100-fold prior to use. The same solution was used for negative nESI, with ammonium
hydroxide substituted for acetic acid. The solution of sodium periodate (50/50 vol/vol
methanol/water) was prepared at a concentration of ~1 mg/mL and diluted 10-fold prior to
use. Sulfate radical anion was observed upon negative nESI of an aqueous (~0.1 mg/mL)
solution of sodium persulfate. PFO (~0.1 mg/mL) was sprayed from a 1% ammonium
hydroxide methanol solution.

207
7.2.2 Solution-phase Derivatizations
S-nitroso-RAKGCKGR was prepared by combining 1 mg of RAKGCKGR with 1
mg of S-nitrosoglutathione in water for one hour at 37 oC. Partially digested somatostatin
was prepared by adding 20 µL of 1 mg/mL aqueous TPCK-treated trypsin to 1 mg of
somatostatin in 0.5 mL of 200 mM aqueous bicarbonate, similar to a previously published
procedure.46 This mixture was incubated at 37 oC for ~30 minutes and used without further
purification. Ten microliters of glacial acetic acid was added to the solution prior to
analysis to facilitate observation of the doubly protonated species.

7.2.3 Mass Spectrometry
All experiments were performed on either a QTRAP 4000 hybrid triple
quadrupole/linear ion trap or a TripleTOF 5600 mass spectrometer (Sciex, Concord, ON,
Canada), previously modified for ion/ion reactions.47 Analytes were generated via
nanoelectrospray ionization (nESI) and transmitted into Q3 (QTRAP 4000) or q2
(TripleTOF 5600) where they were mass isolated and activated via CID. For ion/ion
reactions, multiply protonated analytes were mass isolated in Q1 and injected into the q2
reaction cell followed by reagent anions via alternately pulsed nESI.48 The opposite
polarity ions were allowed to react for 20-1000 ms. For experiments in the QTRAP 4000,
the ion/ion reaction products were then transferred to Q3, where the complex was subjected
to further characterization via MSn and mass analysis using mass-selective axial ejection
(MSAE).49 For experiments in the TripleTOF 5600, ions remained trapped in q2 for
activation via ion trap CID. The experiments with BPTI were performed using the
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TripleTOF 5600 due to the higher resolution, mass accuracy, and extended mass range
needed for the larger system.

7.3 Results and Discussion
Several ways of generating dehydroalanine residues in solution and in the gas-phase
via CID have previously been demonstrated. However, the effect of the newly generated
dehydroalanine residue on the fragmentation of the peptide or protein species has not been
thoroughly investigated. Here, we show a variety of methods to generate dehydroalanine
in the gas-phase and their subsequent dissociation, including: (i) gas-phase oxidation of Salkyl cysteine residues followed by selective ejection of the alkyl sulfenic acid moieties,
(ii) asymmetric cleavage of disulfide bonds in proton mobility-limited peptides and
proteins, and (iii) CID of neutral losses from radical species generated from activation of
S-nitroso peptides as well as molecular radical cations generated from ion/ion reactions
with sulfate radical anion. We also show formation of some c- and z-ions upon collisional
activation

of

phosphoserine-containing

peptides,

indicating the

generation

of

dehydroalanine residues, though the Reid group has recently demonstrated that the main
structure generated upon CID of phosphoserine is likely an oxazoline with only a minor
population generating the dehydroalanine residue.40

7.3.1 Elimination of Sulfenic Acids from S-alkyl Cysteine Residues Oxidized via Ion/Ion
Reactions with Periodate Anions
Alkylated cysteine residues are generated from various post-translational
modifications (PTMs), e.g., farnesylation and geranylgeranylation, and upon reduction and
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alkylation of disulfide bonds, thus, the localization of these residues is important for
disulfide and PTM mapping applications. S-alkyl cysteine residues oxidized in solution
have been shown to undergo selective ejection of the alkyl sulfenic acid, viz., HOSR, where
R is an alkyl group, upon CID.41-43 The loss of the HOSR moiety results in generation of a
dehydroalanine residue at the site of the original S-alkyl cysteine residue. The analogous
gas-phase oxidation of S-alkyl cysteine residues has recently been demonstrated via ion/ion
reactions with periodate anion, IO4-, and also efficiently generates dehydroalanine upon
CID of the oxidized species.50 Periodate anion has also been shown to oxidize disulfide
bonds51 as well as methionine and tryptophan residues52 upon gas-phase ion/ion reactions,
with methionine and S-alkyl cysteine residues being the most efficiently oxidized. The
generation of dehydroalanine residues in two S-alkyl cysteine-containing peptides via gasphase ion/ion reactions with periodate anion is shown in Figure 7.1.
Doubly protonated LFTFHADIC(cam)TLPDTEK, where cam indicates a
carbamidomethyl alkyl group (structure shown in Figure 7.1(a)), was generated from a
reduced and alkylated tryptic digest of BSA and was subjected to ion/ion reactions with
IO4-. The resulting ion/ion reaction spectrum is shown in the inset of Figure 7.1(a). As
demonstrated previously, upon ion/ion reaction IO4- will either abstract a proton from the
doubly protonated peptide to generate the charge-reduced peptide or transfer an oxygen
atom to the peptide to generate the oxidized [M+H+O]+ species.50,52 Both of these pathways
can be observed upon activation of the ion/ion complex between doubly protonated
LFTFHADIC(cam)TLPDTEK and IO4- as shown in Figure 7.1(a). Further activation of the
[M+H+O]+ species is shown in Figure 7.1(b) and results in highly efficient ejection of the
S-carbamidomethyl sulfenic acid, HOScam (107 Da), to generate the dehydroalanine

210
residue indicated by a red square. Further activation of the dehydroalanine-containing
protonated peptide (Figure 7.1(c)) generates fragments along the peptide backbone, several
of which are already observed in lower abundance upon CID of the [M+H+O]+ species
(Figure 7.1(b)). Peptide fragments containing the dehydroalanine residue are indicated with
a hollow square superscript. The most notable characteristic of the spectrum in Figure
7.1(c) is the abundant formation of the c8 ion resulting from cleavage of the N-Cα bond Nterminal to the newly formed dehydroalanine residue. Peaks corresponding to cleavages
due to the dehydroalanine effect are indicated in green. The peak 17 Da below the c8 ion
can either be assigned to the b8 ion or the c8-NH3 ion. As CID of the c8 ion dominantly
results in ammonia loss (Figure 4.4) it is probable that the majority of this peak results from
sequential loss of ammonia from the c8 (viz., c8-NH3), and is therefore still generated due
to the dehydroalanine effect. The peptide LFTFHADIC(cam)TLPDTEK also contains one
proline residue and two aspartic acid residues, both of which can enhance cleavages
adjacent to those residues upon CID. Fragments corresponding to cleavage N-terminal to
proline residues are indicated in blue while fragments corresponding to cleavage Cterminal to aspartic acid residues are indicated in red. While cleavages due to both the
proline and aspartic acid effects are observed, they are in significantly lower abundance
than the fragments generated due to the dehydroalanine effect for this system indicating
that the dehydroalanine effect can compete with the proline and aspartic acid effects in at
least some peptide/protein environments. The control spectrum showing CID of the
unmodified [M+H]+ species is shown in Figure 7.2 and is dominated by fragments derived
from the aspartic acid and proline effects.
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A-factor, a peptide of the sequence YIIKGVFWDPAC(far)VIA, where far
indicates a farnesyl group, was subjected to the same oxidation ion/ion reactions with IO4and CID of the dehydroalanine residue generated upon activation of the oxidized species
is shown in Figure 7.1(d). A-factor contains an aspartic acid N-terminal to a proline residue,
which effectively combines the aspartic acid and proline effects, creating an unusually low
energy pathway to generate the b9 ion. Fragments corresponding to this extremely facile
Asp-Pro cleavage are indicated in purple in Figure 7.1(d). While the b9 ion dominates the
spectrum, the c11 and c11-NH3 derived from the dehydroalanine residue are still observed
and can be used to identify the presence and location of a dehydroalanine residue. As the
dehydroalanine residue is selectively generated upon loss of an alkyl sulfenic acid from an
oxidized S-alkyl cysteine side-chain the c/z-ions generated from the dehydroalanine effect
also indicate the location of the original S-alkyl cysteine residue.
A proposed mechanism for the oxidation of S-alkyl cysteine residues via ion/ion
reactions with IO4- is shown in Scheme 7.1. Upon formation of a stable ion/ion complex
the sulfur atom of the S-alkyl cysteine residue initiates a nucleophilic attack on one of the
neutral periodate oxygen atoms. A proton is also transferred from the doubly protonated
peptide to the periodate reagent anion. Rearrangement to eject iodic acid (HIO3) generates
the sulfoxide derivative, which is then eliminated as a sulfenic acid to generate the
dehydroalanine residue, analogous to the mechanism proposed for the elimination of alkyl
sulfenic acids from S-alkyl cysteine residues oxidized in solution.41,50,52 Scheme 7.2 shows
the rearrangement to form c- and z-ions upon activation of dehydroalanine-containing
peptides as previously discussed by Chrisman and McLuckey.37
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7.3.2 Generation of Dehydroalanine Residues via Asymmetric Cleavage of Disulfide
Bonds
Asymmetric cleavage of disulfide bonds, viz., cleavage of one of the two C-S
bonds, has also been shown to generate dehydroalanine residues. Typically, CID of
protonated peptides does not result in cleavage of the disulfide bond, instead generating
extensive backbone fragmentation.53 However, collisional activation of disulfide-linked
anions and proton mobility-limited cations have both been shown to undergo asymmetric
cleavage of disulfide bonds.37-39 The fragmentation patterns of disulfide-containing anions
has been discussed in detail previously and the mechanism of cleavage has been both
described and theoretically modeled in a review by Bilusich and Bowie.38 In the same
review, the cleavage of N-Cα bonds N-terminal to other amino acids (Ser, Thr, Cys, Asp,
Asn, Glu, Gln, and sometimes Phe) in the negative mode were described.38,54 Additionally,
Kim and Beauchamp demonstrated the highly selective ejection of H2S2, which generates
dehydroalanine residues, upon CID of positively charged sodiated and calciated peptides
in a technique they have termed the ‘Route 66 Method’.55
Somatostatin, a peptide hormone of the sequence AGCKNFFWKTFTSC where
Cys-3 and Cys-14 are disulfide-linked, was ionized via negative nESI and the [M-H]species was subjected to CID (Figure 7.3(a)). The z12 ion is shown in green and is generated
via the dehydroalanine effect, where Cys-3 is a dehydroalanine and Cys-14 contains both
sulfur atoms originally involved in the disulfide bond (viz., Cys-14 is terminated with –SSH). The loss of H2S2 from the z12 ion to convert Cys-14 into a dehydroalanine residue is
the most abundant peak in the spectrum, with the exception of the ammonia loss from the
precursor. Other peptide backbone fragments are observed at minor abundance as well as
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44 Da losses that can either correspond to CO2 loss from the C-terminus or CH3COH from
the threonine residues. While another z-ion is observed (z8-S), it is N-terminal to a
phenylalanine residue and is not derived from asymmetric cleavage of the disulfide bond.
Cleavages of the N-Cα bond in the negative mode N-terminal to specific residues,
including phenylalanine, have been previously reported.35,54
Somatostatin was also partially digested with trypsin to generate the
intermolecularly disulfide-linked peptide AGCKNFFWK/TFTSC (slashes indicate two
separate peptides linked via disulfide bond, the peptide on the left will be referred to as
‘A’; the peptide on the right is ‘B’). While cleavage at the other lysine to generate
AGCK/NFFWKTFTSC is also possible the formation of AGCKNFFWK/TFTSC is
preferred as CID of the protonated species predominantly generates fragments
corresponding to the AGCKNFFWK/TFTSC assignment. The doubly sodiated, viz.,
[M+2Na]2+, missed cleavage somatostatin species was subjected to ion trap CID and the
resulting spectrum is shown in Figure 7.3(b). In agreement with the previous results of Kim
and Beauchamp, the A+S/B+S ions and A+S-H2S2/B+S-H2S2 pairs are observed.
Generation of the Az7-S and Bc4/Bc4-NH3 peaks from the dehydroalanine effect are also
observed, though at a lower abundance. One important thing to note is that the Route 66
Method uses metal adducted (viz., calciated and sodiated) peptides and the presence of
these metal cations may open up pathways upon CID not available to their protonated
counterparts, possibly resulting in decreased formation of fragments derived from the
dehydroalanine effect.
The activation of disulfide-linked proteins cations under conditions of limited
proton mobility (i.e., the number of protons is less than the number of arginine residues)
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has also been shown to result in asymmetric cleavage of the disulfide bond.39 Bovine
pancreas trypsin inhibitor (BPTI) is an ~6.5 kDa protein containing three stapled disulfide
bonds (stapled meaning that the first disulfide bond contains the other two disulfide bonds
and the two smaller disulfide bonds overlap in the sequestered area). The sequence of BPTI
is shown in Figure 7.4. Ion trap CID of the 6+ charge state (one of the most abundant charge
states generated upon positive nESI in a 49.5/49.5/1 vol/vol/vol methanol/water/acetic acid
solution) does not result in cleavage of the disulfide bond; the dominant peaks are the y555+
and y565+ ions generated outside of the disulfide linkages from the N-terminal region
(Figure 7.5). Proton transfer ion/ion reactions with PFO were done to decrease the charge
of the BPTI from 6+ to 1+ (Figure 7.6(a)) and the singly charged species was subjected to
CID (Figure 7.6(b)). The main peaks observed upon CID of the [M+H]+ are losses of H2S
and H2S2 from the various disulfide-linked cysteine residues. The z54 ion generated by the
dehydroalanine effect and subsequent losses of H2S and H2S2 from the z54 ion are also
observed. The z45 ion is also observed at a significantly lower abundance. The z54 ion is
generated from the dehydroalanine effect from asymmetric cleavage of the disulfide bond
containing the largest number of amino acids (Cys-5 to Cys-55) and is the predominant ion
formed because the Cys-5 to Cys-55 disulfide bond must be cleaved to observe any
fragments within that region, including those from dehydroalanine residues generated upon
asymmetric cleavage at either of the other disulfide bonds (Cys-14 to Cys-38 and Cys-30
to Cys-51). The z45-ion is generated when both the Cys-5 to Cys-55 and the Cys-14 to Cys38 disulfide bonds are cleaved and a dehydroalanine residue has been generated at Cys-14.
Activation

of

disulfide-linked

proton

mobility-limited

cations,

anions,

and

sodiated/calciated cations can all result in asymmetric cleavage of disulfide bonds to
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generate dehydroalanine residues. Subsequent activation of these newly generated
dehydroalanine residues results in cleavage of the N-terminal N-Cα bond to generate cand z-ions that can be used to identify and localize cysteine residues involved in disulfide
bonds.

7.3.3 Side-chain Losses from Radical Peptide Cations Generated from (i) CID of SNitroso Peptides and (ii) Ion/Ion Reactions with SO4-•
Radical peptides undergo significantly different fragmentation pathways than their
protonated counterparts upon CID.56,57 For example, side-chain losses are commonly
observed upon CID of odd-electron species whereas they are not typically observed upon
CID of their even-electron analogs. The two main mechanisms by which side-chain loss
occurs are abstraction of the α-hydrogen to generate dehydroalanine via loss of the radical
side-chain and abstraction of the ɣ-hydrogen to generate a radical at the α-position via loss
of the even-electron side-chain.66 Theoretically, several amino acids can generate a
dehydroalanine residue via radical side-chain loss, indeed, alanine, glycine, and proline are
the only amino acids that are unable to undergo this mechanism.66 Practically, however,
valine and phenylalanine do not undergo significant side-chain losses and the generation
of dehydroalanine from serine, threonine, tryptophan and tyrosine residues, while
theoretically possible, are not observed. This still leaves 11 of the 20 amino acids that
generate dehydroalanine upon activation of radical peptides. Several methods to generate
radical cations have been developed, including CID of ternary metal-ligand-peptide
complexes,58-64 photolysis of peptides with iodinated tyrosine residues65 or electrostatic
complexes,66 and free radical-initiated reactions.67,68 Here, we demonstrate the generation
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of radical species from CID of S-nitroso peptides69,70 and ion/ion reactions with sulfate
radical anion71 and the subsequent formation and dissociation of dehydroalaninecontaining peptides.
The peptide S-nitroso RAKGCKGR was generated in solution by incubating 1 mg
of S-nitrosoglutathione with 1 mg of the peptide in 1 mL of water for 1 hr. The [M+H]+
species of S-nitroso RAKGCKGR was isolated and dissociated via CID and the resulting
spectrum is shown in Figure 7.7(a). As expected for S-nitroso peptides, the loss of NO• is
the exclusive fragment observed. Further isolation and activation of the NO• loss is shown
in Figure 7.7(b) and results in several neutral side-chain losses as well as some backbone
cleavages. The SH• loss generates a dehydroalanine in place of the cysteine residue, as
indicated by a red square (Figure 7.7(b)). The c4 and c4-NH3 ions N-terminal to the original
cysteine residue generated from the dehydroalanine effect are already observed. The
C3H8N3• loss from arginine also generates a dehydroalanine residue, though this pathway
is observed at a minor abundance compared to the cysteine side-chain loss, likely because
the radical was originally generated at the cysteine sulfur atom. The SH• loss was further
isolated and activated, and the resulting spectrum is shown in Figure 7.7(c). Several
backbone fragments are observed, the most dominant of which is the c4 from the
dehydroalanine effect. A peak 17 Da below the c4 ion is also present and could either
correspond to the b4 ion or a sequential loss of ammonia from the c4 ion.
Several methods of generating radical cations via ion/ion reactions have been
described,72 the most efficient method of which is ion/ion reactions with sulfate radial
anion (SO4-•).71 A proposed mechanism for the generation of a molecular radical cation and
subsequent generation of dehydroalanine is outlined in Scheme 7.3. Upon formation of a
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stable ion/ion complex between a doubly protonated peptide and sulfate radical anion, the
sulfate radical anion abstracts a proton and a hydrogen atom from the peptide to yield the
molecular radical cation, viz., M+•, via loss of H2SO4. Subsequent radical rearrangement
yields loss of the neutral radical side-chain to generate an even-electron, protonated,
dehydroalanine-containing peptide. Doubly protonated ARAMAKA was subjected to
ion/ion reactions with sulfate radical anion. Activation of the resulting ion/ion complex is
shown in Figure 7.8 and almost exclusively results in loss of H2SO4 to yield the molecular
radical cation. Further activation of the M+• dominantly results in loss of C2H5S•, which
creates a dehydroalanine in place of the methionine residue, indicated with a red square in
Figure 7.8(b). One additional step of activation on the dehydroalanine-containing species
is shown in Figure 7.8(c) and results in peptide backbone cleavages. The c3 and b6□ ions
are the dominant species formed, with the c3 ion caused by the dehydroalanine effect. The
b6□ ion is C-terminal to a lysine residue, which has been previously shown to undergo
enhanced cleavages in certain environments.73 Beam-type CID was also done on this
system to determine if the selective cleavages were still observed. Chrisman and McLuckey
previously reported that the c- and z-ions generated upon asymmetric disulfide bond
cleavage in the negative mode were generated upon ion trap, and not beam-type CID.37
Here, however, beam-type CID of the dehydroalanine-containing species generated a
spectrum almost identical to that obtained upon ion trap CID (compare Figure 7.8(c) and
7.9), indicating that this phenomenon may be system dependent.
Doubly protonated GRGMGRGMGRL was also subjected to ion/ion reactions with
sulfate radical anion. As with ARAMAKA, activation of the ion/ion complex results in
dominant formation of the molecular radical cation (data not shown). Collisional activation
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of the M+• results in several side-chain losses along with some backbone cleavages (Figure
7.10(a)). Of the neutral losses, the loss of C2H5S• generates a dehydroalanine residue in
place of one of the methionine residues (indicated by a red square with an ‘M’) while loss
of C3H8N3• generates a dehydroalanine in place of one of the arginine residues (indicated
by a red square with an ‘R’). Further activation of the C2H5S• loss is shown in Figure
7.10(b) and dominantly yields the c7 ion N-terminal to the second methionine residue,
indicating that it has been converted to a dehydroalanine. The c3 ion N-terminal to the first
methionine residue is also observed, though at a significantly lesser abundance. Activation
of the C3H8N3• loss is shown in Figure 7.10(c) and yields various species from the
dehydroalanine effect. The base peak in the spectrum corresponds to loss of C(NH)2
(oftentimes observed from species containing neutral arginine residues) from the c9 ion,
which is also observed. Further CID of the c9-C(NH)2 ion was performed to confirm the
assignment and is shown in Figure 7.11. The c5 ion is also observed at a significant
abundance in Figure 7.10(c). The c5 ion corresponds to conversion of the second arginine
to a dehydroalanine while the c9 ion corresponds to conversion of the third arginine to a
dehydroalanine. The c5 ion is isobaric with the y4 ion so an additional step of CID was done
to determine the identity of the peak (Figure 7.12). While evidence of both fragments is
observed, the fragments derived from the c5 ion (b2 and b4 and ammonia losses from each)
are higher in abundance than the fragments derived from the y4 ion (b3 and b3+H2O,
assigned according to the sequence of the y4: MGRL), indicating that the c5 ion generated
from the dehydroalanine effect is a large contributor to the observed peak. We have
demonstrated the conversion of various side-chains to dehydroalanine that can be used to
selectively generate ‘weak spots’ along the backbone of the peptide. These ‘weak spots’
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are extremely useful in the identification and localization of various amino acids within the
chain and may eventually provide a way to perform a gas-phase digestion, similar to the
enzymatic digestions commonly done in solution for protein sequencing applications.

7.3.4 Loss of H3PO4 upon CID of Phosphoserine-Containing Peptides
Collisional activation of phosphoserine-containing peptides dominantly results in
loss of phosphoric acid (H3PO4). Originally, this loss was thought to occur via a chargeremote β-elimination reaction to generate a dehydroalanine residue. More recently,
Palumbo, Tepe and Reid showed that this loss instead primarily occurs via a chargedirected SN2 neighboring group participation reaction, which generates a cyclic oxazoline
product, though a minor population of the H3PO4 loss was determined to undergo the
charge-remote reaction to generate the dehydroalanine product.40 The oxazoline product
proposed contains the N-Cα bond of the original phosphoserine residue within a fivemembered ring, making formation of the characteristic c- and z-ions unlikely. To look for
evidence of the dehydroalanine effect in phosphoserine-containing peptides, the [M+H]+
species of the peptide RKRpSRAE was subjected to CID; the resulting spectrum is shown
in Figure 7.13. As expected, the base peak corresponds to loss of phosphoric acid (Figure
7.13(a)). Interestingly, the sequential c3 and c3-NH3 ions are also observed, indicating that
at least a minor population of the ions may have generated dehydroalanine in place of the
phosphoserine residue upon CID. Further activation of the phosphoric acid loss yields a
minor amount of the c3-ion, indicating that the majority of the H3PO4 loss likely generates
the oxazoline product with only a minor population generating the dehydroalanine product,
supporting the conclusions reported by Palumbo, Tepe, and Reid.40 In Figure 7.13, hollow
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squares are used to indicate peptides that have lost H3PO4, which may either contain
dehydroalanine or the oxazoline product.

7.4 Conclusions
The generation of dehydroalanine in peptides and proteins via several methods has
been demonstrated. Activation of this newly dehydroalanine-containing species results in
enhanced cleavage of the N-Cα bond N-terminal to the dehydroalanine residue. S-alkyl
cysteine residues oxidized via gas-phase ion/ion reactions with periodate anion efficiently
generate dehydroalanine residues upon CID via loss of the alkyl sulfenic acid. Asymmetric
cleavage of disulfide bonds is typically observed upon activation of proton mobility-limited
systems, e.g., anions and low charge states of proteins, and results in generation of a
dehydroalanine residue at the sulfur-deficient cysteine residue. Proton transfer ion/ion
reactions can be used to decrease the charge of disulfide-linked proteins, increasing the
formation of dehydroalanine upon CID. Radical peptide cations are efficiently generated
upon CID of S-nitroso cysteine-containing peptides and ion/ion reactions with sulfate
radical anions and undergo losses of neutral side-chains, several of which generate
dehydroalanine residues. The loss of H3PO4 from phosphoserine residues primarily results
in generation of cyclic oxazoline species, however, a minor population may still result in
generation of the dehydroalanine residue. Additional activation of these newly-generated
dehydroalanine-containing peptides generates c- and z-ions N-terminal to the
dehydroalanine residue. These c- and z-ions can be used to localize certain modifications
(i.e., S-alkyl cysteines, disulfide-linked cysteines, phosphoserines, etc.) or various amino
acids that generate dehydroalanine upon neutral side-chain losses from molecular radical

221
cations. The increase in selectivity observed upon activation of peptides and proteins
containing dehydroalanine residues can be used to gain complementary primary structural
information than that obtained from their non-modified counterparts. The introduction of
a ‘weak spot’ into peptides and proteins is a step towards gas-phase digestion, similar to
the enzymatic digestions commonly done in solution.
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Figure 7.1. Oxidation of S-alkyl cysteine-containing peptides to generate dehydroalanine
residues. CID of (a) the ion/ion complex between doubly protonated
LFTFHADIC(cam)TLPDTEK and IO4-, ion/ion reaction shown in inset, (b) the
LFTFHADIC(cam)TLPDTEK [M+H+O]+ species, (c) the dehydroalanine species
generated in (b), and (d) the dehydroalanine species generated via periodate oxidation of
A-factor (YIIKGVFWDPAC(far)VIA). Degree signs (°) indicate water losses, asterisks (*)
indicate ammonia losses, and lightning bolts () indicate species subjected to CID. Red
squares indicate formation of the dehydroalanine product while hollow square superscripts
() indicate fragment ions that contain a dehydroalanine residue. Green is used to indicate
fragments generated from the dehydroalanine effect. Red and blue are used to indicate
fragments generated from aspartic acid and proline effects, respectively, while purple is
used to indicate fragments generated from cleavage of an Asp-Pro bond.
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Figure 7.2. CID of LFTFHADIC(cam)TLPDTEK [M+H]+. Asterisks (*) indicate ammonia
losses, degree signs (°) indicate water losses, and the lightning bolt () indicates the
species subjected to CID. Red and blue are used to indicate fragments generated due to the
aspartic acid and proline effects, respectively.
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Scheme 7.1. Proposed mechanism for the oxidation of an S-alkyl cysteine residue followed
by loss of the alkyl sulfenic acid to generate a dehydroalanine residue.
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Scheme 7.2. Proposed mechanism for generation of c- and z-ions N-terminal to
dehydroalanine residues upon CID.37
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Figure 7.3. CID of (a) intact somatostatin [M-H]-, and (b) partially digested somatostatin
[M+2Na]2+. In (b) all fragments are sodiated, with Ay7B2+ being doubly sodiated. Degree
signs (°) indicate water losses, asterisks (*) indicate ammonia losses, and lightning bolts
() indicate species subjected to CID. The 44 Da losses can either be CO2 from the Cterminus or CH3COH from the threonine residues. Green is used to indicate fragments
generated from the dehydroalanine effect. Red and blue now indicate from which peptide
chain the fragments are derived as indicated in the inset of (b).
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Figure 7.4. Sequence of BPTI with disulfide bonds indicated.
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Figure 7.5. CID of the [M+6H]6+ species of BPTI. The lightning bolt () is used to denote
the ion that has been subjected to CID.
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Figure 7.6. (a) Charge-reduction ion/ion reaction between BPTI [M+6H]6+ and PFO
anions, (b) CID of the 1+ charge state of BPTI generated from charge-reduction ion/ion
reactions with PFO. Degree signs (°) indicate water losses, the delta symbol (∆) indicates
contaminant ions that were either (a) due to the adduction of diisononyl phthalate present
in q2 or (b) present in the isolation, and the lightning bolt () indicates species subjected
to CID. The area indicated with a bracket was magnified 3x. Green is used to indicate
fragments generated from the dehydroalanine effect.
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Figure 7.7. CID of (a) S-nitroso RAKGCKGR [M+H]+, (b) the NO• loss species, and (c)
the loss of SH• from (b). Degree signs (°) indicate water losses and lightning bolts ()
indicate species subjected to CID. Red squares indicate formation of the dehydroalanine
product while hollow square superscripts indicate fragment ions that contain a
dehydroalanine residue. Green is used to indicate fragments generated from the
dehydroalanine effect.
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Scheme 7.3. Proposed mechanism for the ion/ion reaction between sulfate radical anion
and a doubly protonated peptide and subsequent loss of the neutral radical side-chain to
generate dehydroalanine.
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Figure 7.8. CID of (a) the ion/ion complex between doubly protonated ARAMAKA and
sulfate radical anion, (b) the molecular radical cation generated in (a), and (c) the C2H5S•
loss from (b) which generates a dehydroalanine from the methionine residue. Degree signs
(°) indicate water losses, asterisks (*) indicate ammonia losses, and lightning bolts ()
indicate species subjected to CID. Red squares indicate formation of the dehydroalanine
product while hollow square superscripts () indicate fragment ions that contain a
dehydroalanine residue. Green is used to indicate fragments generated from the
dehydroalanine effect.

240

Figure 7.9. Beam-type CID of the ARAdAAKA generated from the radical methionine
side-chain loss from the peptide ARAMAKA. Degree signs (°) indicate water losses,
asterisks (*) indicate ammonia losses, and lightning bolts () indicate species subjected
to CID. Red squares indicate formation of the dehydroalanine product while hollow square
superscripts () indicate fragment ions that contain a dehydroalanine residue. Green is used
to indicate fragments generated from the dehydroalanine effect.
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Figure 7.10. CID of (a) the molecular radical cation of the peptide GRGMGRGMGRL
generated via ion/ion reaction with sulfate radical anion, (b) the C2H5S• loss from (a) which
generates a dehydroalanine residue from one of the methionine residues, and (c) the
C3H8N3• loss from (a) which generates a dehydroalanine residue from one of the arginine
residues. Degree signs (°) indicate water losses, asterisks (*) indicate ammonia losses, and
lightning bolts () indicate species subjected to CID. Red squares indicate formation of
the dehydroalanine product, with the letter inside indicating the amino acid that has been
transformed into dehydroalanine. Hollow square superscripts () indicate fragment ions
that contain a dehydroalanine residue. Green is used to indicate fragments generated from
the dehydroalanine effect.
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Figure 7.11. MSn on m/z 835 from CID of the C3H8N3• loss from GRGMGRGMGRL M+•
to confirm it is a c9-C(NH)2 ion. Degree signs (°) indicate water losses, asterisks (*) indicate
ammonia losses, and lightning bolts () indicate species subjected to CID.
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Figure 7.12. CID on m/z 476 from CID of the C3H8N3• loss from GRGMGRGMGRL M+•
to determine how much is due to the c5 versus y4 fragments. Fragments indicated in green
and purple are derived from the c5 and y4 fragments, respectively. Degree signs (°) indicate
water losses, asterisks (*) indicate ammonia losses, and lightning bolts () indicate species
subjected to CID.
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Figure 7.13. CID of (a) RKRpSRAE [M+H]+, and (b) the H3PO4 loss from (a). Degree
signs (°) indicate water losses, asterisks (*) indicate ammonia losses, and lightning bolts
() indicate species subjected to CID. Green is used to indicate fragments generated from
the dehydroalanine effect. Hollow square superscripts () indicate fragments that have lost
H3PO4.
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CHAPTER EIGHT: GAS-PHASE PLATINATION OF PROTONATED
POLYPEPTIDES VIA ION/ION REACTIONS WITH PLATINUM TRICHLORIDE
ANION

8.1 Introduction
The primary sequence of a biomolecule is essential in determining its structure,
which in turn determines the function the biomolecule assumes. Tandem mass
spectrometry (MSn) is the most common method of sequencing peptides and proteins and
uses gas-phase fragmentation to gain information about the primary structure of peptides
and proteins. The information gained upon activation, however, greatly depends on the ion
type (e.g., protonated, deprotonated, metallated, odd electron, etc.) being dissociated. For
example, disulfide bonds are not typically cleaved upon collision-induced dissociation
(CID) of protonated peptides, however, asymmetric cleavage of the disulfide bonds is
dominantly observed upon CID of deprotonated peptides.1,2 For this reason it is desirable
to be able to study a wide variety of ion types to gain the most useful information about an
analyte of interest.
Gas-phase ion/ion reactions have recently been used to carry out common solutionphase derivatizations in the gas-phase. Ion/ion reactions successfully manipulate ion type
within the mass spectrometer, thus decoupling the ion type subjected to activation from
that obtained upon ionization. Recently, covalent modifications of peptides and proteins
via ion/ion reactions have been used to tag peptides and proteins with chromophores,3
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cross-link peptides and proteins,4-6 and increase sequence information.7-9 Cation switching
ion/ion reactions have been used to generate aurated,10 lithiated,11 and ferrated12 species
from protonated species via ion/ion reactions. Activation of these metallated species was
used to alter peptide fragmentation behavior and cleave disulfide bonds. Here, we use
cation switching ion/ion reactions to generate platinated and nickelated species from
multiply protonated species.
Studies have shown evidence that some inorganic complexes can selectively cleave
peptides and proteins proximal to certain amino acid residues in solution.13-19 This work
has primarily focused on complexes of the form [ML2(H2O)2], where M is a transition
metal, commonly Pt(II) or Pd(II), and L varies with the experiment.13-17 Complexes
involving bidentate ligands have also been used and are of the form [ML(H2O)2].16 For
example, the compound cis-[Pt(en)(H2O)2]2+ cleaves on the C-terminal side of methionine
residues (e.g., it cleaves the Met-Z bond, where Z is any amino acid) whereas cis[Pd(en)(H2O)2]2+ cleaves the bond between the two amino acid residues on the N-terminal
side of methionine and histidine residues (e.g., it cleaves the X-Y bond in the peptide
sequences X-Y-Met and X-Y-His).16 The general solution-phase reaction mechanism
proposed for Pt(II) complexes interacting with methionine starts with the substitution of
one of the aqua- ligands with the electron-donating sulfur atom on the methionine sidechain. The remaining aqua- ligand interacts with the neighboring amide group allowing
water to attack and hydrolytically cleave the peptide bond proximal to the methionine
residue.13 Other transition metals, i.e., zinc and mercury, with various ligands have shown
selective cleavages at various amino acids as well.20-22 The selective cleavages observed
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from reactions with these inorganic complexes show promise as a potential new method
for the facile sequencing of peptides and proteins.
Here, gas-phase ion/ion reactions have been used to add transition metals onto
peptides. Platinum and nickel anionic complexes are used to convert doubly protonated
peptides to metallated, deprotonated peptides. These new ions, of the form [Peptide + M(n)
– (n-1)H]+, where M is one of the metals mentioned above and n is the oxidation state of
the metal, are subjected to collision-induced dissociation (CID) to observe the
fragmentation pattern and determine if there is any observed selectivity in the resulting
cleavages. An increase in cleavages C-terminal to methionine residues is observed upon
activation of platinated species while an increase in cleavages C-terminal to cysteine
residues is observed upon activation of nickelated species. The cleavage of disulfide bonds
is also observed upon activation of platinated disulfide-linked systems. These cation
switching ion/ion reactions with transition metals provide complementary information
about the sequence of a peptide or protein and aid in the mapping of disulfide bonds in
linked systems.

8.2 Experimental Section

8.2.1 Materials
Methanol, hydrochloric acid, acetonitrile, and acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ). The peptides GAGGMGAGGRL, ACAAARA,
ARAMAKA, and ARACAKA were ordered from NeoBioLabs (Cambridge, MA).
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Potassium tetrachloroplatinate (K2PtCl4), nickel chloride hexahydrate (NiCl4•6H2O),
bovine insulin, oxytocin, somatostatin, ammonium bicarbonate, and TPCK treated trypsin
from bovine pancreas were obtained from Sigma Aldrich (St. Louis, MO). Peptides,
insulin, and the anionic platinum reagent were prepared in 49.5/49.5/1 (v/v/v)
methanol/water/acetic acid. The peptide and insulin solutions were ~100 µM in
concentration while the platinum reagents were ~2.5 mM.

8.2.2 Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid triple quadrupole/linear
ion trap mass spectrometer (Sciex, Concord, ON, Canada), previously modified for ion/ion
reactions.23 Multiply protonated analyte cations and reagent anions were sequentially
injected into the instrument via alternately pulsed nano-electrospray (nESI),24 where they
were isolated in transit through Q1 prior to injection into the q2 reaction cell. The
trichloroplatinate (II) anionic reagent, PtCl3-, was produced upon negative nESI of the
potassium tetrachloroplatinate species. After a defined mutual storage reaction time of
1000 milliseconds, the product ions were transferred to Q3. Typically, the product ions
were subjected to beam-type CID during the transfer from q2 to Q3 to eject HCl moieties
from the ion/ion complex and generate more of the peak of interest. The ions were then
subjected to further mass analysis via MSn and mass-selective axial ejection (MSAE).25
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8.2.3 Tryptic Digest
Somatostatin was digested with trypsin in order to produce an intermolecularly
disulfide-linked peptide according to a previously published procedure.26 Separation of the
tryptic somatostatin was performed on a reverse-phase HPLC (Agilent 1100, Palo Alto,
CA) using an Aquapore RP-300 (7µm pore size, 100 x 4.6 mm i.d.) column (Perkin-elmer,
Wellesley, MA). The gradient for the HPLC separation has been described previously.26
Following separation, collected fractions were lyophilized and reconstituted in 250 µL
49.5/49.5/1 (v/v/v) methanol/water/acetic acid.

8.3 Results and Discussion

8.3.1 Enhanced Cleavages C-terminal to Methionine and Cysteine Residues
Doubly protonated peptides were subjected to ion/ion reactions with PtCl3- anions.
Upon reaction, either a proton is transferred from the peptide to the reagent anion to
generate the charge-reduced [M+H]+ species or the peptide and reagent form a long-lived
complex, viz., [M+2H+PtCl3-]+. Both of these pathways are observed for the ion/ion
reaction between doubly protonated GAGGMGAGGRL and PtCl3- shown in Figure 8.1.
The isolations of the doubly protonated peptide and the reagent monoanion are shown in
Figure 8.1(a). Both platinum and chlorine have isotopes that contribute to the pattern
observed in the inset of Figure 8.1(a). These isotopes are used in later fragmentation steps
to aid in the identification of platinated peptides. The ion/ion reaction between the isolated
peptide and reagent species is shown in Figure 8.1(b). Proton transfer from the peptide to
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the reagent anion to generate the [M+H]+ is observed. Additionally, generation of the
ion/ion complex and some sequential HCl losses from the complex are observed, either
due to the exothermicity of the ion/ion reaction or energetic transfer conditions between q2
and Q3. Beam-type or resonant CID of this ion/ion complex results in three sequential
losses of HCl to generate the [M+Pt-H]+ species. An additional step of activation on the
[M+Pt-H]+ species results in fragmentation along the peptide backbone to generate
predominantly b- and y-type ions, as shown in Figure 8.2 for GAGGMGAGGRL. The y6
ion is the dominant peak observed upon CID of platinated GAGGMGAGGRL and is
generated upon cleavage of the peptide bond C-terminal to the methionine residue.
Cleavages C-terminal to sulfur-containing residues are indicated in red. The control
spectrum corresponding to CID of protonated GAGGMGAGGRL is shown in Figure
8.2(b). The protonated and platinated CID spectra are very different with only a minor peak
corresponding to the y6 observed for the protonated species.
Doubly protonated GAGGRGAGGL was then subjected to ion/ion reactions with
PtCl3- to determine how the fragmentation pattern would change for peptides with no
sulfur-containing residues. Spectra corresponding to activation of the platinated and
protonated peptides are shown in Figure 8.3(a) and (b), respectively. The b5 ion is the most
dominant fragment produced for both species, though the b5 is platinated in Figure 8.3(a),
as indicated by the  symbol. Other differences include the observation of an abundant b9H2O in the protonated CID spectrum and the C(NH)2 loss in the platinated CID spectrum.
Overall, the platinated and protonated CID spectra are extremely similar, indicating a lack
of selectivity of the platinum trichloride anion for the amino acids present in this system.
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Doubly protonated ARAMAKA was subjected to ion/ion reactions with PtCl3- and
generated results similar to those obtained with GAGGMGAGGRL upon dissociation of
the platinated species. Ion trap CID of protonated ARAMAKA yielded dominant cleavage
C-terminal to the lysine as well as some lower abundance backbone cleavages (Figure
8.4(b)). Upon ion/ion reaction and CID of the [M+Pt-H]+ species, the b4 ion is the most
abundant peak in the spectrum and is generated upon cleavage of the peptide bond Cterminal to the methionine residue (Figure 8.4(b)). The a4 ion is also seen and is likely
produced from the b4. These peaks contain the methionine residue and are only seen as
platinated species. However, there are also peaks corresponding to the b2 and a2 ions
which are derived from cleavage of the peptide bond C-terminal to the arginine residue.
These peaks are also platinated but do not contain the methionine, thus indicating that the
Pt may also be associating with either the arginine residue or the N-terminus.
Since the selectivity of Pt(II) for methionine likely results from interaction of the
Pt with the sulfur atom it is necessary to also study the reactivity of this reagent with
peptides containing cysteine residues. Figure 8.5 shows the CID spectra produced by
dissociation of the [M+H]+ and the [M+Pt-H]+ species generated from the reaction between
doubly protonated ARACAKA and PtCl3-. While the a4 and b4 are still the most
dominant in the platinated spectrum there are several other peaks of similar intensity,
demonstrating a decrease in selectivity for cysteine-containing peptides (Figure 8.5(a)).
Doubly protonated TVMENFVAFVDK was generated from a tryptic digest of
bovine serum albumin (BSA) and subjected to ion/ion reactions with PtCl3-. This peptide
is much more complex than the model peptides discussed thus far and better represents
peptides of interest for the chemistry described herein. Activation of the protonated species
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generates several backbone fragments, though none of the fragments generated correspond
to cleavage of the peptide bond C-terminal to the methionine residue (Figure 8.6(b)).
Activation of the platinated species generated upon ion/ion reactions with PtCl3-, however,
dominantly produces b3 and a3 ions, which correspond to C-terminal methionine
cleavages. Additionally, the y9 ion also corresponds to a C-terminal methionine cleavage
and is also observed upon CID of the platinated species, though at a lower abundance.

8.3.2 Cleavage of Disulfide Bonds upon Ion/Ion Reactions with PtCl3Disulfide bonds are important in establishing and maintaining the folding and
structure of proteins.27,28 These bonds can drastically change the fragmentation of
disulfide-linked systems upon dissociation.29,30 Several different dissociation methods
have been used to investigate disulfide-linked ions including CID,1,31 electron capture
dissociation (ECD),32,33 electron transfer dissociation (ETD),34-36 electron detachment
dissociation (EDD),37 electron-induced dissociation (EID),38 post source decay matrix
assisted laser desorption ionization (PSD-MALDI),39 ultraviolet photodissociation (UVPD),40 and infrared multiphoton dissociation (IRMPD).37 While each of these activation
methods varies in the information that is gained from dissociation of disulfide-linked
species, there is still room for improvement in sequence coverage and structural
information obtained. While CID is one of the most commonly applied dissociation
techniques, disulfide linkages stabilize regions within loops created by these linkages
which are not cleaved under traditional CID conditions.29,30 However, cleavage of the
disulfide bonds is seen upon CID of cations with limited proton mobility41 and is dominant
upon CID of multiply deprotonated anions.1
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While disulfide linkages can complicate sequence determination from tandem MS
data there are several methods which can overcome these problems. The most standard
approach is the reduction of the disulfide bonds in solution prior to MS analysis.
Additionally, electrolytic cleavages without chemical reagents42 and cleavages from
hydroxyl radicals produced by a low temperature helium plasma43 have been described.
However, the majority of the methods occur via solution-phase chemistry prior to MS
analysis and add time and difficulty to the analysis. A gas-phase method that cleaves
disulfide bonds prior to tandem MS steps would be ideal for the analysis of these complex
systems. To this end there have been several reactions employing various transition metals.
For instance Fe- and Co- have both been shown to cleave disulfide bonds in the gas phase.44
Payne and Glish demonstrated a gas-phase ion/ion reaction between Fe+ and multiply
deprotonated insulin anions and observed disulfide bond cleavage.12 Additionally,
Mentinova and McLuckey used Au+ and Au3+ to cleave intermolecular and intramolecular
disulfide bonds in various disulfide-linked peptides and proteins.10 Transition metalinduced disulfide bond cleavages have also been studied using ECD.45
Platinum (II) complexes have previously been shown to cleave disulfide bonds in
the condensed phase.46 An ion/ion reaction making use of this Pt-sulfur affinity to cleave
disulfide bonds in the gas-phase would eliminate the need for solution-phase chemistry
prior to MS analysis and increase sequence information within areas previously protected
by disulfide loops. Here, the ion/ion reaction between the Pt(II) complex PtCl3- and various
disulfide-containing species is demonstrated to cleave intermolecular disulfide bonds.
Somatostatin was subjected to a tryptic digest to generate the peptide
AGCK/TFTSC (slashes indicate two distinct peptides separated by a disulfide linkage, the
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peptide on the left and right will be referred to as ‘A’ and ‘B’, respectively). Doubly
protonated AGCK/TFTSC was subjected to ion/ion reactions with PtCl3- and the [M+PtH]+ species generated after three HCl losses was activated via ion trap CID. Activation of
the [M+Pt-H]+ species is shown in Figure 8.7(a) and results in cleavage of the disulfide
bond to dominantly produce the platinated A chain. Fragments corresponding to disulfide
bond cleavage are indicated in blue. Activation of the protonated [M+H]+ species is shown
in Figure 8.7(b) and does not yield any fragments indicative of disulfide bond cleavage,
instead generating fragments corresponding to cleavage of peptide bonds along the two
peptide backbones.
Insulin is a peptide hormone with one intramolecular and two intermolecular
disulfide bonds. Activation of the [M+4H]4+ species generates a large variety of fragments
corresponding to cleavage along the unprotected regions of the two peptide backbones
(Figure 8.8(b)). No evidence for disulfide bond cleavage is observed. The [M+5H]5+
species of insulin was subjected to ion/ion reaction with PtCl3- and the ion/ion complex
[M+5H+PtCl3-]4+ was generated. Beam-type CID of this ion/ion complex yielded
sequential losses of three HCl moieties to generate the platinated species, viz.,
[M+2H+Pt]4+. Activation of this platinated insulin cation is shown in Figure 8.8(a) and
results in separation of the two chains, indicating that at least the two intermolecular
disulfide bonds have been cleaved. It is unclear if the intramolecular disulfide bond is also
cleaved. Additionally, activation of the platinated species generates several b- and y-ions
(By16, By212+, By232+, Bb10, Bb14, Ab17, and Ab15) within the area previously protected
by the disulfide bond, thus increasing sequence coverage as compared to the protonated
species. Mentinova and McLuckey have previously shown the cleavage of disulfide bonds
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in insulin using ion/ion reactions with AuCl2- and AuCl4-.10 While the addition of one
platinum induced cleavage of both intermolecular disulfide bonds in insulin (Figure 8.8(a)),
the addition of one gold cleaved exactly one disulfide bond,10 therefore two sequential
adductions of gold were required to cleave both intermolecular disulfide bonds. Mentinova
and McLuckey also reported cleavage of the intramolecular disulfide bond in insulin.10 It
is apparent that the gold and platinum species are acting via different mechanisms as
evidenced by the different fragmentation patterns and disulfide bond cleavages observed.

8.3.3 Enhanced Cleavages C-terminal to Cysteine Residues upon Ion/Ion Reactions with
NiCl3While platinum has been shown to cleave selectively after methionine residues,
other transition metals are known to have solution-phase affinities for specific amino acid
residues which could lead to selective cleavages in the gas-phase. For instance, nickel (II)
complexes have been shown to conjugate with cysteine and histidine residues in different
biomolecules. Other metals, including zinc,20 mercury,21 palladium,15-17,22,47-49 and
cadmium,50 have also been shown to have affinities for various amino acids, the most
common of which are cysteine and histidine due to the available electrons on the sulfur and
nitrogen atoms, respectively.51 Here, we show an increase in cleavages C-terminal to
cysteine residues upon activation of a nickelated species, viz., [M+Ni-H]+, generated upon
ion/ion reactions between doubly protonated peptides and NiCl3-.
Doubly protonated ACAAARA was subjected to ion/ion reaction with NiCl3-. The
resulting ion/ion complex was subjected to beam-type CID to generate the nickelated
species, [M+Ni-H]+. Activation of the nickelated peptide is shown in Figure 8.9(a) and
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exclusively results in generation of the nickelated y5 ion (ions containing nickel are
indicated with a ), produced via cleavage of the peptide bond C-terminal to the cysteine
residue. Activation of the protonated peptide is shown in Figure 8.9(b) and only generates
a very small peak corresponding to the y5. The b2 ion is also generated upon cleavage of
the peptide bond C-terminal to the cysteine residue and is observed upon CID of the
control, though once again at a very small abundance. Different transition metals have the
potential to alter the fragmentation of peptides in very different ways. The investigation of
these cation switching ion/ion reactions with transition metals is a rich area of study with
many considerations, including peptide sequence, metal identity and oxidation state, and
the ligands attached to the metal.

8.4 Conclusions
The platination of various protonated peptides has been demonstrated here via
cation switching ion/ion reactions with PtCl3- anions. Upon reaction an ion/ion complex of
the form [M+2H+PtCl3-]+ is generated. Activation of this complex, either via beam-type or
resonant CID, results in loss of three HCl moieties to yield the platinated [M+Pt-H]+
species. Preferential cleavages C-terminal to methionine, and to a lesser extent, cysteine
residues are observed upon CID of the [M+Pt-H]+ species. Disulfide-linked peptides were
also subjected to ion/ion reactions with PtCl3- and cleavage of the disulfide bond was
observed upon activation of the platinated species. Separation of the two chains of insulin
was observed upon activation of the platinated species, indicating that both of the
intermolecular disulfide bonds had been cleaved. Lastly, enhanced cleavages C-terminal
to cysteine residues were observed upon activation of nickelated peptides generated
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through ion/ion reactions with NiCl3- anions. Metal cation switching ion/ion reactions have
been shown to alter the fragmentation of peptides upon activation. Several factors influence
the fragmentation of these systems including the identity, oxidation state, and ligands
attached to the metal. There are several potential applications of this class of ion/ion
reactions, including movement towards a gas-phase ‘digestion’, similar to those performed
enzymatically in solution.
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Figure 8.1. (a) Isolation of GAGGMGAGGRL [M+2H]2+ and PtCl3- (inset). (b) Ion/ion
reaction between doubly protonated GAGGMGAGGRL and PtCl3-.
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Figure 8.2. Activation of (a) platinated GAGGMGAGGRL generated upon ion/ion
reaction with PtCl3-, and (b) protonated GAGGMGAGGRL. The lightning bolt () is
used to indicate species subjected to CID. The  symbol indicates platinated species.
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Figure 8.3. Activation of (a) platinated GAGGRGAGGL generated from ion/ion
reactions with PtCl3-, and (b) protonated GAGGRGAGGL. The lightning bolt () is
used to indicate species subjected to CID. The  symbol indicates platinated species.
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Figure 8.4. Activation of (a) platinated ARAMAKA generated from ion/ion reaction with
PtCl3-, and (b) protonated ARAMAKA. Structure of methionine shown in inset of (b).
The lightning bolt () is used to indicate species subjected to CID. The  symbol
indicates platinated species.
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Figure 8.5. Activation of (a) platinated ARACAKA generated upon ion/ion reaction with
PtCl3-, and (b) protonated ARACAKA. Structure of cysteine shown in inset of (b). The
lightning bolt () is used to indicate species subjected to CID. The  symbol indicates
platinated species.
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Figure 8.6. CID of (a) platinated TVMENFVAFVDK generated upon ion/ion reaction
with PtCl3-, and (b) protonated TVMENFVAFVDK. The lightning bolt () is used to
indicate species subjected to CID. The  symbol indicates platinated species.
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Figure 8.7. CID of (a) platinated AGCK/TFTSC generated upon ion/ion reaction with
PtCl3-, and (b) protonated AGCK/TFTSC. The lightning bolt () is used to indicate
species subjected to CID. The  symbol indicates platinated species.
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Figure 8.8. Activation of (a) platinated insulin, viz., [M+Pt+2H]4+, generated upon
ion/ion reaction with PtCl3-, and (b) protonated insulin, viz., [M+4H]4+. The lightning
bolt () is used to indicate species subjected to CID. The  symbol indicates platinated
species.

271

Figure 8.9. Activation of (a) nickelated ACAAARA generated upon ion/ion reaction with
NiCl3-, and (b) protonated ACAAARA. The lightning bolt () is used to indicate species
subjected to CID. The  symbol indicates nickelated species.
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Oxidation of Methionine Residues in Polypeptide Ions Via
Gas-Phase Ion/Ion Chemistry
Alice L. Pilo, Scott A. McLuckey
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Abstract. The gas-phase oxidation of methionine residues is demonstrated here
using ion/ion reactions with periodate anions. Periodate anions are observed to
attach in varying degrees to all polypeptide ions irrespective of amino acid
composition. Direct proton transfer yielding a charge-reduced peptide ion is also
observed. In the case of methionine and, to a much lesser degree, tryptophancontaining peptide ions, collisional activation of the complex ion generated by
periodate attachment yields an oxidized peptide product (i.e., [M+H+O]+), in
addition to periodic acid detachment. Detachment of periodic acid takes place
exclusively for peptides that do not contain either a methionine or tryptophan side
chain. In the case of methionine-containing peptides, the [M+H+O]+ product is
observed at a much greater abundance than the proton transfer product (viz., [M+H]+). Collisional activation
of oxidized Met-containing peptides yields a signature loss of 64 Da from the precursor and/or product ions.
This unique loss corresponds to the ejection of methanesulfenic acid from the oxidized methionine side
chain and is commonly used in solution-phase proteomics studies to determine the presence of oxidized
methionine residues. The present work shows that periodate anions can be used to ‘label’ methionine
residues in polypeptides in the gas phase. The selectivity of the periodate anion for the methionine side
chain suggests several applications including identification and location of methionine residues in
sequencing applications.
Key words: Ion/ion reaction, Methionine oxidation, Tandem mass spectrometry
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Introduction

T

he oxidation of methionine residues in polypeptides/
proteins has important roles in aging and age-related
degenerative diseases.[1]Methionine oxidation is a common
chemical degradation pathway and results in the modification of the methionine side chain, where the thioether group
(i.e., –CH2SCH3) is converted to a sulfoxide derivative (i.e.,
CH2SOCH3).[2, 3]The sulfoxide derivative can be further
oxidized to a sulfone (i.e., CH2SO2CH3); however, the
sulfone is rarely observed in biological systems as it requires
a significantly stronger oxidizing agent.[3]The single oxidation reaction has far-reaching implications in biological
applications. Oxidation of free methionine to the sulfoxide
derivative inhibits its methyl donating capabilities.[4, 5]Methionine oxidation in calmodulin, a calcium-binding mesElectronic supplementary material The online version of this article
(doi:10.1007/s13361-014-0861-8) contains supplementary material, which
is available to authorized users.
Correspondence to: Scott McLuckey; e-mail: mcluckey@purdue.edu

senger protein, results in the decreased function of calcium
signaling, ultimately leading to loss of calcium homeostasis
in aged brains.[6, 7]Additionally, oxidation of Met-35 in βamyloid peptide contributes to the insolubility and overall
stability of the peptide, specifically the C-terminal region,
which has implications in Alzheimer’s disease.[8–10]There
is also evidence to suggest that methionine oxidation is
important for cellular regulation. The methionine sulfoxide
[Met(O)] functional group can be reduced under physiological conditions by methionine sulfoxide reductase, which has
a role in the activation-deactivation cycle of various
signaling proteins as well as the maintenance of homeostatic
balance in physiological systems.[11, 12]
Mass spectrometry (MS) has been used extensively to
characterize Met(O) in proteins and peptides. Tandem MS
(MS/MS) is useful in identifying the presence of this
modification and locating the site of modification via gasphase fragmentation.[13]Ion trap collision-induced dissociation (CID) of peptide or protein ions containing Met(O)
produces a neutral loss of 64 Da, corresponding to loss of
methanesulfenic acid (CH3SOH), from the precursor and/or
product ions containing the oxidized methionine resi-
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due.[13–17]The rearrangement mechanism for the neutral
loss of 64 Da is shown in Scheme 1 below.[18–21]This
neutral loss is unique to Met(O) and is useful in
differentiation between Met(O) and phenylalanine, which
have the same nominal mass, during MS-peptide sequencing. The loss of methanesulfenic acid has been shown to be
a low-energy CID pathway; therefore, dominant loss of
64 Da is readily observed allowing straightforward
identification of the presence of oxidized methionine in
the precursor ion. Electron capture dissociation (ECD) has
also been used to characterize peptides containing oxidized
methionine and provides complementary information to
CID.[22]ECD of Met(O)-containing peptides retains the
oxidation modification and yields sequence-informative c
and z• ions.
Recently, it has been shown that chemical reactions
commonly performed in solution to derivatize peptides and
proteins can also be conducted in the gas-phase via reactions
of oppositely charged ions.[23]The gas-phase reactions can
be driven at rates ranging from 1–100 s–1, with typical
reaction time-scales on the order of 100 ms for reaction
efficiencies of tens of percent. In addition to short reaction
times relative to analogous condensed-phase derivatization
approaches, the gas-phase approach is amenable to massselection of reactants and obviates addition of reagents to the
sample solution and, as a result, avoids concomitant
complication of the mass spectrum of the analyte.[23]The
extent of modification (i.e., the number of modifications per
analyte ion) can also be varied via control of reagent ion
number and reaction time, as well as via use of the ion
parking technique.[24]Gas-phase ion/ion reactions can occur
either through long-range transfer of small charged particles
(e.g., protons or electrons) or through the formation of a
relatively long-lived complex.[41]Covalent modifications of
biomolecules via ion/ion reactions proceed through the
formation of a long-lived complex. Recent demonstrations
of covalent modification in the gas-phase via ion/ion
reactions include the use of NHS ester derivatives in crosslinking [25, 26] and covalent labeling [27–29] studies, the
use of 4-formyl-1,3-benzenedisulfonic acid (FBDSA) to tag
peptide ions [30, 31] and increase sequence coverage
obtained from CID experiments [32, 33], and the use of Ncyclohexyl-N′-(2-morpholinoethyl)carbodiimide (CMC) in
covalent labeling experiments.[34]Gas-phase ion/ion reactions have been useful in the characterization of proteins
[35] and oligonucleotides [36, 37], for manipulating charge
states, or for creating different precursor ion types to study
via gas-phase fragmentation.
Here, we describe the selective oxidation of methionine
residues present in peptide cations using periodate
monoanions. Upon ion/ion reaction, a long-lived complex
is generated corresponding to the attachment of periodate to
a multiply protonated peptide. Activation of the long-lived
complex yields a covalently modified peptide ion, indicated
by the addition of an oxygen atom to the methionine residue
in the protonated peptide, represented as [M+H +O]+.

Formation of the oxidized species is the dominant pathway
for methionine-containing peptides following activation of
the long-lived complex. This pathway is also observed for
tryptophan-containing peptides, but at a significantly lesser
abundance than Met-containing peptides. Peptides lacking
tryptophan and methionine residues do not form the oxidized
species. Further activation of oxidized Met-containing
peptides yields a signature loss of 64 Da from the precursor
and product ions, whereas this 64 Da loss is not observed in
peptides lacking methionine residues. This is the first
reported demonstration of selective gas-phase oxidation of
peptides via ion/ion reaction.

Experimental
Materials
Methanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, USA). KGAILMGAILR was
synthesized by CPC Scientific (San Jose, CA, USA). Substance P was synthesized by Bachem (Bubendorf, Switzerland). Anti-inflammatory peptide I was synthesized by
AnaSpec (Fremont, CA, USA). GLSDGEWQQVLNVWGK
was synthesized by SynPep (Dublin, CA, USA). ARACAKA,
ARAWAKA, and GRGMGRGMGRL were synthesized by
Pepnome Ltd. (Shenzhen, China). ARAMAKA was synthesized by NeoBioLab (Cambridge, MA, USA). Angiotensin II and sodium periodate were purchased from Sigma
Aldrich (St. Louis, MO. USA). All peptide stock solutions
for positive nanoelectrospray were prepared in a 49.5/49.5/
1 (vol/vol/vol) solution of methanol/water/acetic acid at an
initial concentration of ~1 mg/mL and diluted 100-fold
prior to use. The periodate solution was prepared in a 50/
50 (vol/vol) solution of methanol/water at a concentration
of ~1 mg/mL and diluted 10-fold prior to use. For all
solution-phase oxidations 5 μL of the prepared periodate
solution was added to an equivalent volume of peptide
solution.

Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid
triple quadrupole/linear ion trap mass spectrometer (AB
Sciex, Concord, ON, Canada), previously modified for ion/
ion reactions.[38]Multiply protonated peptides and singly
charged anion reagent populations were sequentially injected
into the instrument via alternately pulsed nano-electrospray
(nESI).[39]The peptide cations and periodate anions were
independently isolated in the Q1-mass filter prior to injection
into the q2 reaction cell. The opposite polarity ions were
allowed to react for a defined mutual storage reaction time of
1000 ms. The ion/ion reaction products were then transferred
to Q3, where the complex was subjected to further
characterization via MSn and mass analysis using massselective axial ejection (MSAE).[40]
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Scheme 1. Mechanism of rearrangement of the oxidized methionine side chain to produce loss of methanesulfenic acid
(64 Da) [18–21]

Results and Discussion
Selective Oxidation of Methionine Residues
with Periodate
Peptide dications containing methionine residues (i.e.,
doubly protonated ARAMAKA, KGAILMGAILR,
MHRQETVDC, RPKPQQFFGLM, GSNKGAIIGLM) were
subjected to ion/ion reactions with periodate monoanions.
Figure 1 illustrates the oxidation of doubly protonated
ARAMAKA via ion/ion reaction. Upon mutual storage of
the peptide cations and periodate anions, direct proton
transfer from the peptide cation to the reagent anion or
formation of a long-lived complex, [M+2H+IO4–]+, is
observed (Fig. 1a).[41]The complex decomposes via one of
two pathways upon activation. One pathway results in
proton transfer from the peptide cation to the periodate
anion, which yields loss of neutral periodic acid (i.e., HIO4)
and the charge-reduced species, [M+H]+. A second pathway
is outlined in Scheme 2 and results in covalent modification
of the methionine residue to produce the oxidized species,
[M+H+O]+.[42, 43]The latter species is also observed in
Fig. 1a and arises from collisional activation of the complex
upon transfer from the reaction cell to Q3. The generation of
[M+H+O]+ ions from collisional activation of the complex
has been observed to be the favored pathway for methionine-containing peptides (see Fig. 1b). The reaction is
presumed to proceed via nucleophilic attack by the sulfur
atom on one of the neutral oxygen atoms on the periodate
reagent resulting in oxidation of the methionine side chain
and loss of neutral iodic acid (i.e., HIO3). The net result is
oxidation of the methionine side chain to yield the sulfoxide
form. The extent to which the oxidation takes place in the
complex prior to collisional activation versus being driven
by collisional heating of the complex is unclear.
Collisional activation of the oxidized [M+H+O]+ species
produces dominant neutral losses of 64 Da from precursor or
product ions (Fig. 1c). This corresponds to the loss of
methanesulfenic acid (HSOCH3) via the rearrangement
shown in Scheme 1. For the oxidized [M+H+O]+ species
produced via ion/ion reaction between doubly protonated

ARAMAKA and periodate anion, the 64 Da losses from the
precursor and b6 ions are the most abundant species in the
CID spectrum. The b6 +O ion corresponds to a lysine
cleavage that is the dominant cleavage site upon activation
of the [M+H]+ species (i.e., the b6 ion dominates the CID
spectrum of the singly protonated peptide). The unique
64 Da loss can be used to localize the site of oxidation.
Figure 1d demonstrates the localization of the oxidation to
the methionine residue in the peptide ARAMAKA via
activation of the 64 Da loss from the b6 +O ion (i.e., [b6 +
O-HSOCH3]+). A series of b-ions, b2-b5, is observed. The
presence of the nonmodified b2- and b3-ions and modified
b 4□ and b 5□ ions further confirms oxidation of the
methionine residue. The open square (□) indicates loss of
methanesulfenic acid from an oxidized methionine side
chain (e.g., b4□ corresponds to [b4 +O-HSOCH3]+).
Collisional activation of complexes produced via gasphase reactions between periodate anions and methionine-containing peptide cations examined to date ([M+
2H+IO4–]+) predominantly yields the oxidized species
([M+H+O]+).
Figure 2 provides results of the collisional activation of
the [M+2H+IO4–]+ species for four different methioninecontaining peptides. In each case, the abundance of the
oxidized species produced via covalent modification ([M+
H+O]+) is greater than the abundance of the charge-reduced
species produced via proton transfer from the peptide to the
periodate anion (Fig. 2a–d). The peptide KGAILMGAILR
has the lowest abundance ratio of [M+H+O]+ to [M+H]+ of
the four peptides shown, with the [M+H+O]+ ion at
approximately three times the abundance of [M+H]+ ion.
Both Substance P (RPKPQQFFGLM) and MHRQETVDC
show almost exclusive production of the [M+H+O]+ ion.
The 11-residue β-amyloid peptide fragment results in a [M+
H+O]+ to [M+H]+ ratio intermediate to the other systems
discussed. This efficient production of the oxidized [M+H+
O]+ species is beneficial as it leaves enough signal for
further analysis and modification localization via MSn.
Figure 3 summarizes the fragmentation of the respective
oxidized [M+H+O]+ species generated from the peptides
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Fig. 1. Spectra illustrating gas-phase covalent modification of ARAMAKA, including (a) ion/ion reaction between doubly
protonated peptide cation and periodate anion, (b) CID of the isolated ion/ion complex producing the [M+H+O]+ species, (c)
MS3 of the oxidized peptide, and (d) MS4 of the [b6 +O-64]+ identifying the site of modification as the methionine residue.
Degree symbols (°) denote water losses whereas asterisks (*) denote ammonia losses. Squares (□) denote fragments that have
lost the modified methionine side chain (e.g., y8□ corresponds to [y8 +O-HSOCH3]+). The lightning bolt (⚡) is used to denote the
ion that has been subjected to CID

KGAILMGAILR, Substance P (RPKPQQFFGLM),
MHRQETVDC, and an eleven-residue peptide derived from
β-amyloid peptide GSNKGAIIGLM. The neutral loss of
64 Da is a prominent pathway in the CID product ion spectra
of peptides with oxidized methionine residues. The neutral
loss of methanesulfenic acid is unique to methionine
residues oxidized to the sulfoxide form and, thus, can be
utilized to determine the presence of oxidized methionine
residues in peptides and proteins. Upon ion trap CID of
oxidized KGAILMGAILR produced via gas-phase ion/ion

reaction (i.e., [KGAILMGAILR+H+O]+), the loss of 64 Da
is the sole ion observed
Figure 3a). For Substance P, the 64 Da loss is also
predominant, though other fragment ions are observed.
Figure 3b). This loss of 64 Da is observed from the
Substance P oxidized y9 species as well. Cleavage of the
peptide bond on the C-terminal side of aspartic acid upon
activation is well-known to be facile [44] and competes with
the neutral 64 Da loss in the CID product ion spectrum for
the peptide MHRQETVDC to form the b8 +O ion. Neutral

Scheme 2. Proposed mechanism for ion/ion reaction between periodate anion and a doubly cationic methionine-containing
peptide to form the oxidized species. Adapted from references [42] and [43]
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Fig. 2. Spectra illustrating activation of ion/ion complexes produced via reactions between periodate anions and doubly
protonated (a) KGAILMGAILR, (b) Substance P, (c) MHRQETVDC, and (d) an eleven-residue segment of β-amyloid peptide

64 Da losses from the parent ion and oxidized b5 species for
MHRQETVDC are also observed.
Figure 3c). The oxidation of the methionine residue in βamyloid peptide under physiological conditions has been
shown to have implications in aggregation associated with
Alzheimer’s disease. The eleven-residue peptide
GSNKGAIIGLM contains the methionine residue of the βamyloid peptide and has been shown to have some of the
same biological properties as the full-length β-amyloid
peptide including the formation of fibrils, free radicals, and
neurotoxicity.[8, 45, 46]The neutral loss of 64 Da gives rise
to the second most abundant peak observed in the CID
spectrum, which allows facile identification of an oxidized
methionine residue somewhere in the peptide.
Figure 3d). All of the major product ions that originate
from backbone cleavages are N-terminal fragments and, as a
result, no sequence-related product ions show an additional
loss of 64 Da, which is indirect evidence for modification at
the C-terminus. For example, non-modified b10 ion indicates
cleavage between the leucine and methionine residue, thus
eliminating all residues except for methionine as the
modification site. Similarly, further MSn of oxidized species
for KGAILMGAILR and Substance P localize the oxidation
to methionine as well (Supplemental Figure 1).

Non-Methionine Containing Peptides
Spectra derived from collisional activation of various ion/ion
complexes ([M+2H+IO4–]+) for peptides lacking methionine residues [e.g., ARAAAKA, ARACAKA, and angiotensin II (DRVYIHPF)] are shown in Fig. 4. For all nonmethionine containing peptides studied, dominant production of the charge-reduced species (i.e., [M + H]+) is
observed upon collisional activation of the complex with
periodate. The peptides ARAAAKA and ARACAKA differ

from the previous peptide shown, ARAMAKA, by the
replacement of the methionine residue with either an alanine
or cysteine residue. Activation of the [M+2H+IO4–]+ species
for both ARAAAKA (Fig. 4a) and ARACAKA (Fig. 4b)
peptides produces the [M+H]+ ion and yields no evidence for
the oxidized product, [M+H+O]+, in contrast with activation
of the [M+2H+IO4-]+ species for ARAMAKA (Fig. 1b). The
peptide ARACAKA was examined because cysteine residues
are oxidized by periodate in solution. However, the lack of
oxidation observed upon activation of the [M+2H+IO4–]+ ion
demonstrates the selectivity of the gas-phase ion/ion chemistry
for methionine residues. Doubly protonated angiotensin II
(DRVYIHPF) peptide cations were also subjected to ion/ion
reactions with periodate anions. Angiotensin II contains
tyrosine and histidine residues [50], which are both oxidized
in solution by periodate. Similarly to ARAAAKA and
ARACAKA, no evidence for formation of [M+H+O]+ is
observed upon activation of the [M+2H+IO4–]+ ion, and the
charge-reduced [M+H]+ is formed essentially exclusively.
Cysteine residues are often protected to prevent disulfide
formation. These modifications are susceptible to oxidation in
solution and, similar to oxidized methionine, yield neutral
losses of the oxidized side chain upon gas-phase fragmentation.[47–49]Peptides ions containing S-methyl cysteine residues react similarly to methionine-containing peptides. Upon
ion/ion reaction, the [M+H+O]+ species is formed upon
activation of the complex and CH3SOH is lost upon further
activation of the oxidized species. Conversely, no oxidation
was observed upon activation of the [M+2H+IO4–]+ complex
formed via ion/ion reactions between cysteine-containing
peptides protected with S-acetylamido (Acm) protecting
groups and periodate anions. Other protecting groups with
electron-donating properties similar to those of methyl groups
may also undergo oxidation upon ion/ion reaction with
periodate anions.
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Fig. 3. Ion trap CID of the [M+H+O]+species for reactions between periodate anion and doubly protonated (a)
KGAILMGAILR, (b) Substance P, (c) MHRQETVDC, and (d) β-amyloid peptide residues 25-35. Degree symbols (°) denote
water losses whereas asterisks (*) denote ammonia losses. The lightning bolt (⚡) is used to denote the ion that has been
subjected to CID

Tryptophan is also oxidized to a small extent via gasphase ion/ion reactions of tryptophan-containing peptides
with periodate anions (Fig. 5). However, for all peptides
studied, the [M+H]+ ion is observed in greater abundance
than the [M+H+O]+ ion upon activation of the [M+2H+
IO4–]+ ion. For the tryptophan analog of ARAMAKA, viz.,

ARAWAKA, the ratio of [M+H]+ to [M+H+O]+ is the
reverse of that observed for ARAMAKA (compare Fig. 1b
with Fig. 5a). Although the relative abundance of the [M+
H+O]+ ion for Trp-11 neurotensin (Fig. 5b) is greater than
that observed for reactions with ARAWAKA, the extent of

Fig. 4. Spectra illustrating activation of ion/ion complexes
produced via reactions between periodate anions and
doubly protonated (a) ARAAAKA, (b) ARACAKA, and (c)
angiotensin II

Fig. 5. Spectra illustrating activation of ion/ion complexes
produced via reactions between periodate anions and doubly
protonated (a) ARAWAKA, (b) Trp-11 neurotensin, and (c)
GLSDGEWQQVLNVWGK
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periodate anions, oxidation of methionine is the dominant
process observed, with no peaks indicating oxidation of the
tryptophan residue (Supplemental Figure 2). Activation of
the [M+H+O]+ species for tryptophan-containing peptides
does not contain the 64 Da losses predominant for
methionine-containing peptides, making them easily distinguishable (Supplemental Figure 1d).

Solution-Phase Versus Gas-Phase Oxidation

Fig. 6. Comparison of solution-phase and gas-phase oxidation of the peptide ARAMAKA. (a) CID of the [M+H+O]+ species
produced via solution-phase reaction with sodium periodate,
and (b) MS3 of the [M+H+O]+ from dissociation of the [M+2H+
IO4–]+ species produced by the gas-phase ion/ion reaction of
doubly protonated ARAMAKA with periodate anion

oxidation remains much less for tryptophan-containing
peptides than the methionine-containing peptides. Supplemental Figure 1d demonstrates the localization of the
oxidation to the tryptophan residue for ARAWAKA via
activation of the [M + H + O] + species. The peptide
GLSDGEWQQVLNVWGK is a tryptic peptide from myoglobin; although it contains two tryptophan residues, the
[M+H+O]+ species is produced in extremely low abundance. When a peptide cation containing both methionine
and tryptophan residues is subjected to ion/ion reaction with

The gas-phase dissociation behavior of solution and gasphase oxidized peptides is compared in Fig. 6. Peptides were
oxidized in solution via addition of an aqueous solution of
sodium periodate. The product ion spectra for solution and
gas-phase oxidations were identical, as shown for the
peptide ARAMAKA in Fig. 6. The product ion spectra
show dominant 64 Da losses from both the oxidized peptide
and the b6 ion. This experiment indicates the gas-phase
chemistry mimics that of the solution-phase. Although
periodate oxidizes methionine residues faster than other
amino acids, it does also modify other amino acids in the
peptide, specifically cysteine, histidine, tyrosine, and
tryptophan.[50]In the gas phase, the oxidation appears to
be more selective for methionine under the ion/ion reaction
conditions used here, based on the lack of reactivity noted
for other side chains except for the minimal reactivity
observed for tryptophan.

Modification of Multiple Methionine Residues Via
Addition of Multiple Periodate Anions
Multiple modifications to peptide cations containing more
than one methionine residue have been observed via

Fig. 7. (a) Ion/ion reaction between doubly protonated GRGMGRGMGRL and periodate anions. Product ion spectra derived
from (b) ion trap CID of [M+3H+2IO4–]+, (c) further activation of [M+H+2(O)]+, and (d) activation of the 64 Da loss from the
doubly oxidized species, [M+H+2(O)-HSOCH3]+. Degree symbols (°) denote water losses, whereas asterisks (*) denote
ammonia losses. Open squares (□) denote fragments that have lost one modified methionine side chain, whereas closed
squares (■) denote fragments that have lost two modified methionine side chains (e.g., y8□ corresponds to [y8 +O-HSOCH3]+
and y8■ corresponds to [y8 +O-2HSOCH3]+). The lightning bolt (⚡) is used to denote the ion that has been subjected to CID
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sequential ion/ion reactions between the peptide cation and
periodate anions. This approach can be useful in determining
the number of methionine residues in a peptide. For
example, triply protonated GRGMGRGMGRL was subjected to ion/ion reactions under conditions in which sequential
reactions are likely (see Fig. 7). Peaks indicating the addition
of one periodate anion to form a complex of the form [M+
3H+IO4–]2+ and two periodate anions to form a complex of
the form [M+3H+2IO4–]+ are observed (Fig. 7a). Proton
transfer also occurs as evidenced by the presence of the [M+
2H+IO4–]+ species. Some fragmentation of the complexes
attributable to energetic transfer conditions from the collision quadrupole to Q3 is also observed, as illustrated by the
peaks corresponding to [M+2H+O]2+ and [M+2H+O+
IO4–]+. The most abundant species observed is the addition
of two periodate anions to form the [M+3H+2IO4–]+
species, illustrating the high efficiency with which the
reaction proceeds.
The breakup of the [M+3H+2IO4–]+ complex in principle can proceed via either of the pathways previously
described for the doubly protonated methionine-containing
peptides with one periodate anion, viz., proton transfer to
yield the charge-reduced species with concomitant neutral
loss of periodic acid or covalent modification to oxidize the
methionine side chain with concomitant loss of neutral iodic
acid, for each of the periodate anions added onto the peptide.
Activation of the [M+3H+2IO4-]+ complex exclusively
yields sequential losses of iodic acid to produce the doubly
oxidized species [M+2(O)+H]+ (parentheses around the O
atom are used for clarity) (see Fig. 7b). Activation of the
doubly oxidized [M+2(O)+H]+ species of the peptide
GRGMGRGMGRL produces nominal losses of 64 and
128 Da (Fig. 7c). The first 64 Da loss can presumably arise
from either of the two methionine residues in
GRGMGRGMGRL. This 64 Da loss is the most abundant
peak in the spectrum, which would allow easy identification
of the presence of at least one methionine residue during
analysis of an unknown peptide. The nominal loss of 128 Da
can arise from sequential losses of 64 Da, which was
confirmed by activation of the 64 Da loss product (Fig. 7d).
The presence of the peak due to loss of two 64 Da neutrals
in the product ion spectrum obtained from activation of the
doubly oxidized [M+2(O)+H]+ indicates the presence of a
second methionine in the peptide. The presence of the other
fragments in
Figure 7d can also be used to further confirm the oxidation of
both methionine residues in GRGMGRGMGRL. The nonmodified y2 ion is the only observed fragment not containing a
methionine residue and indicates that neither of the last two
residues is modified. Fragment ions containing only one
methionine residue are present as either containing one oxygen
atom (e.g., b4 +O, b6 +O, y5 +O, and y6 +O) or as having lost
methanesulfenic acid from an oxidized methionine residue (e.g.,
b4□, b6□, y5□, and y6□). Only fragment ions containing both
methionine residues are present as either loss of methanesulfenic
acid with an added oxygen atom (e.g., b8□ +O, b9□ +O, b10□ +O,

and y10□ +O) or loss of two methanesulfenic acid groups
(e.g., b8■, b9■, and b10■), where the closed square (■) indicates
loss of two modified methionine side chains (e.g., b10■ denotes
[b10 +2(O)-2HSOCH3]+).

Conclusions
The selective gas-phase oxidation of methionine residues has
been demonstrated using ion/ion reactions with periodate
anions. Ion trap CID of complexes comprised of methioninecontaining peptide cations and the periodate anion result in
formation of an oxidized species. The reaction presumably
proceeds via nucleophilic attack by the sulfur atom on one of
the neutral oxygen atoms on the periodate reagent. This
reaction results in oxidation of the methionine side chain and
loss of neutral iodic acid, HIO3. Peptide cations lacking
methionine residues predominantly transfer a proton to the
periodate anion to form the charge-reduced species and an
absence of oxidation is generally observed, although minor
oxidation is observed for peptides containing tryptophan
residues. The ion trap CID spectra of the oxidized species
produced via gas-phase ion/ion reaction and solution-phase
addition of periodate are identical. Solution-phase and gasphase dissociation behavior both produce losses of 64 Da
from precursor and product ions consistent with loss of
methanesulfenic acid from the sulfoxide derivative of the
methionine side chain. The unique 64 Da loss can be utilized
to localize the oxidation to the methionine residue via MSn
experiments. These results demonstrate a novel ion/ion
reaction for the selective “labeling” of methionine and, to a
lesser degree, tryptophan.
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Abstract. The gas-phase oxidation of doubly protonated peptides is demonstrated
here using ion/ion reactions with a suite of reagents derived from persulfate. Intact
persulfate anion (HS2O8–), peroxymonosulfate anion (HSO5–), and sulfate radical
anion (SO4–•) are all either observed directly upon negative nanoelectrospray ionization (nESI) or easily obtained via beam-type collisional activation of persulfate into the
mass spectrometer. Ion/ion reactions between each of these reagents and doubly
protonated peptides result in the formation of a long-lived complex. Collisional activation of the complex containing a peroxymonosulfate anion results in oxygen
transfer from the reagent to the peptide to generate the [M + H + O]+ species. Activation of the complex containing intact persulfate anion either results in oxygen transfer
to generate the [M + H + O]+ species or abstraction of two hydrogen atoms and a proton to generate the [M – H]+
species. Activation of the complex containing sulfate radical anion results in abstraction of one hydrogen atom
and a proton to form the peptide radical cation, [M]+•. This suite of reagents allows for the facile transformation of
the multiply protonated peptides obtained via nESI into a variety of oxidized species capable of providing
complementary information about the sequence and structure of the peptide.
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Introduction

T

andem mass spectrometry is a powerful approach for
obtaining primary structural information about a
bioanalyte of interest. The information obtained from a tandem
mass spectrometry experiment is highly dependent on the
nature of the gas-phase ions generated from the molecules of
interest [1]. Different ion types (e.g., protonated molecule,
deprotonated molecule, metallated molecule, radical cation,
radical anion, etc.) undergo different fragmentation pathways
upon activation, which can yield complementary information.
It is, therefore, useful to be able to generate different types of
ions and to manipulate ion-type within the mass spectrometer.
The advent of electrospray ionization (ESI) has made the
generation of multiply charged analytes straightforward [2,
3]. These ions are typically protonated in the positive polarity

Electronic supplementary material The online version of this article
(doi:10.1007/s13361-015-1125-y) contains supplementary material, which is
available to authorized users.
Correspondence to: Scott McLuckey; e-mail: mcluckey@purdue.edu

and deprotonated in the negative polarity. Gas-phase ion/ion
reactions have been successful in transforming ESI-generated
ions to an ion-type different from the type initially generated
within a mass spectrometer [4].
The reduction of charge via proton transfer [5, 6], electron
transfer both to and from multiply-charged analytes [7, 8], and
the addition or removal of metal ions [9–11] are examples of the
manipulation of ion-type in the gas phase via ion/ion reactions.
Site-selective covalent modification of peptides and proteins has
also been demonstrated via ion/ion reactions. For example, Nhydroxysuccinimide (NHS) esters have been used to cross-link
[12, 13] and covalently label [14–16] various nucleophiles in
peptide ions, 4-formyl-1,3-benzenedisulfonic acid (FBDSA) has
been used to tag peptide ions via Schiff base chemistry [17–19],
and N-cyclohexyl-N′-(2-morpholinoethyl)carbodiimide (CMC)
has been used to selectively react with carboxylic acids [20] in
various analytes. Ion/ion reactions occur on the typical reaction
time-scale of ~100 ms and can either proceed via the long-range
transfer of small charged particles (e.g., protons or electrons), or
through the formation of a long-lived complex [4]. This gasphase approach, particularly when implemented in a tandem
mass spectrometer that enables the mass-selection of both the
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reagent and analyte ions, allows greater control of the extent of
modification relative to solution-phase derivatization, which can
complicate the mass spectrum.
Recently, the oxidation of peptides via ion/ion reactions has
been described [21]. Peptides containing methionine and tryptophan are selectively oxidized to [M+ H + O]+ cations upon
ion/ion reactions with periodate anions. The oxidation of the
methionine side chain to the sulfoxide derivative induces a
signature loss of 64 Da corresponding to the ejection of
methanesulfenic acid (CH3SOH) [22–30]. This signature loss
can be used to determine the presence and location of a methionine residue. Additionally, strategies to oxidize protonated
peptides to their radical analogs, viz., [M]+•, via ion/ion reactions have recently been described [31]. The gas-phase chemistry of radical peptide ions is an area of growing interest as
these species undergo different fragmentation pathways than
their protonated analogs upon activation [32, 33]. To this end,
several strategies have been developed to generate radical
cations in the gas phase to be analyzed via mass spectrometry
[32, 33]. These strategies include collision-induced dissociation (CID) of nitrosopeptides [34, 35], CID of ternary metal–
ligand–peptide complexes [36–42], photolysis of peptides with
iodinated tyrosine residues [43], or iodinated electrostatic complexes [44], and free radical-initiated reactions [45, 46].
Here, we describe ion/ion reactions between peptide cations
and three reagent anions derived from persulfate to form three
oxidized species, [M + H + O]+, [M]+•, and [M – H]+. The three
reagents are intact persulfate anions (HS2O8–, Supplemental
Figure S-1a), peroxymonosulfate anions (HSO5–, Supplemental Figure S-1b), and sulfate radical anions (SO4–•, Supplemental Figure S-1c). Reactions between doubly protonated peptides
and each of the three reagents results in formation of a longlived complex. Activation of ion/ion complexes with intact
persulfate anions yields oxygen addition, viz., [M + H + O]+,
and hydrogen deficient species, viz., [M – H]+. Activation of
analogous complexes with peroxymonosulfate anions yields
the oxygen addition product, viz., [M + H + O]+. The last reagent derived from persulfate is sulfate radical anion, produced
via homolytic cleavage of the persulfate peroxy bond, which is
observed upon negative nESI of an aqueous solution of sodium
persulfate (Supplemental Figure S-1d). Activation of the complex produced via ion/ion reactions with peptide dications and
sulfate radical anions yields the molecular radical peptide cation, [M]+•. This suite of reagents derived from persulfate readily and efficiently converts protonated peptides into various
oxidized forms that, upon activation, may yield additional
information about peptide primary structure.
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synthesized by Bachem (King of Prussia, PA, USA). ARAA
AKA and ARAMAKA were synthesized by NeoBioLab
(Cambridge, MA, USA). KGAILAGAILR and GAIL
AGAILR were synthesized by SynPep (Dublin, CA, USA)
and GAGGMGAGGRL was synthesized by Pepnome Ltd.
(Shenzhen, China). All peptide stock solutions for positive
nanoelectrospray were prepared in a 49.5/49.5/1 (vol/vol/vol)
solution of methanol/water/acetic acid at an initial concentration of ~1 mg/mL and diluted 100-fold prior to use. The
persulfate solution was prepared in 18 MΩ purified water using
a Nanopure ultrapure water system from Barnstead/
Thermolyne Corp. (Dubuque, IA, USA) at a concentration of
~1 mg/mL and diluted 10-fold prior to use.

Mass Spectrometry
All experiments were performed on a QTRAP 4000 hybrid
triple quadrupole/linear ion trap mass spectrometer (AB
SCIEX, Concord, ON, Canada), previously modified for ion/
ion reactions [47]. Multiply protonated peptides were isolated
in the Q1-mass filter and injected into the q2 reaction cell
followed by singly charged reagent anions via alternately
pulsed nano-electrospray (nESI) [48]. Both the intact persulfate
anion (HS2O8–) and sulfate radical anion species (SO4–•) were
present upon negative nESI of aqueous persulfate and were
isolated in Q1 prior to injection into the q2 reaction cell.
Peroxymonosulfate anion (HSO5–), however, is a fragment
derived from intact persulfate and was obtained through
beam-type CID into the instrument via energetic interface
conditions prior to isolation and injection into q2. The peptide
cations and reagent anions were allowed to react for a mutual
storage reaction time of 20–1000 ms. The ion/ion reaction
products were then transferred to Q3, where the complex was
subjected to further characterization via MSn and mass analysis
using mass-selective axial ejection (MSAE) [49].

Calculations
Density function theory calculations have been carried out
using the Gaussian 09 package [50]. Structural optimizations
and energy calculations were performed with unrestricted
B3LYP at the 6-31G(d) basis set for HSO 4 – , SO 4 –• ,
CH3COOH, and CH3COO•. The bond dissociation energy
(BDE) for H-SO4– was calculated by the isodesmic reaction
method [51] using CH3COO-H as the reference molecule, the
BDE of which was previously determined experimentally [52].
In detail, BDE(H-SO4–) was calculated using the following
equation.

Experimental
Materials
Methanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, USA). Sodium persulfate, angiotensin III, and melittin were purchased from Sigma Aldrich
(St. Louis, MO, USA). Substance P and bradykinin were

BDEðH−SO4 – Þ ¼ BDEðH−SO4 − Þcalculated þ BDEðCH3 COO−HÞcalculated
– BDEðCH3 COO−HÞexperimental:

The value was then compared with amino acid BDEs reported by the Julian group calculated via the same method [53].
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Results and Discussion
Ion/Ion Reactions with the Suite of Reagents
Derived from Persulfate
The nESI spectrum of an aqueous solution of sodium
persulfate is shown in Supplemental Figure S-1d. The base
peak is the sodiated persulfate anion, though protonated
persulfate is also present in a high enough abundance for
ion/ion reactions. While the sulfate radical anion is observed at the same mass-to-charge ratio as the persulfate
dianion, the majority of this peak is the singly charged
radical species based on the isotopic distribution and lack
of anionic products observed during charge-inversion experiments (e.g., the reaction of singly protonated peptides
with dianions resulting in final negative charge overall).
The doubly charged species cannot be separated from the
sulfate radical anion species of interest on the basis of
mass-to-charge ratio alone. However, the only deleterious
impact from the presence of a small persulfate dianion
population in the sulfate radical anion population in reactions with doubly charged peptide cations is a slight decrease in overall peptide ion signal due to neutralization of
the peptide by the dianion. While some peroxymonosulfate
anion is present in the original nESI spectrum acquired
using a nozzle-skimmer voltage difference of 25 V (Supplemental Figure S-1d), the abundance is significantly increased upon use of a nozzle-skimmer voltage difference
of 75 V (Supplemental Figure S-1e). A separate MS/MS
experiment indicated that CID of the singly charged persulfate anion results predominantly in formation of the
peroxymonosulfate anion (data not shown).
Ion/ion reactions between doubly protonated peptides
and each of the reagent anions derived from negative nESI
of persulfate result in the formation of a long-lived complex. Activation of this complex can either result in proton
transfer from the peptide to the reagent to generate the
charge-reduced [M + H]+ species or undergo one of the
oxidative pathways outlined in Scheme 1. The first two
pathways (red arrows in Scheme 1) result in oxygen transfer to the peptide to form the [M + H + O]+ species. Pathway
A occurs via H2SO4 loss from either CID of complexes
with peroxymonosulfate anions or MS3 of the SO3 loss
from complexes with persulfate anions. Pathway B occurs
via H2SO4 loss followed by SO3 loss from complexes with
persulfate anions. While Pathway B also generates an oxidized species of the form [M + H + O]+, the structure of the
final product is not necessarily the same as the one obtained
via Pathway A, as they proceed through different intermediates. Loss of two sulfuric acid moieties from the ion/ion
complex with persulfate also occurs and results in the
hydrogen-deficient [M – H]+ species via Pathway C (blue
arrow in Scheme 1). The formation of the peptide radical
cation, viz., [M]+•, takes place via Pathway D (orange
arrow in Scheme 1), which involves doubly protonated
peptide in reaction with the sulfate radical anion and subsequent CID of the complex to lose H2SO4. To demonstrate

Scheme 1. Summary of oxidative pathways available to a
doubly protonated peptide upon ion/ion reaction with each of
the reagents derived from persulfate and subsequent MSn (CID
indicated by Δ) of the complexes. Black arrows indicate an ion/
ion reaction, the orange arrow indicates the pathway to create a
radical peptide cation, the blue arrow indicates the pathway to
form the hydrogen-deficient [M – H]+ species, red arrows indicate oxygen transfer pathways to form the [M+H+O]+ species
with the dashed arrow indicating a pathway that results in a
structure different than that obtained via solid-arrow pathways,
and the purple arrow indicates the generation of a species
capable of proceeding via either the oxygen transfer or the
hydrogen abstraction pathway

each of these pathways, doubly protonated Substance P
(RPKPQQFFGLM) was reacted with each of the reagents
derived from persulfate (HS2O8–, HSO5–, and SO4–•) and
the resulting ion/ion complexes were subjected to CID
(Figure 1). Activation of the ion/ion complex between
Substance P and peroxymonosulfate anion proceeds exclusively via Pathway A to yield the [M + H + O]+ species
(Figure 1a). Activation of the ion/ion complex between
Substance P and persulfate anion yields loss of SO3 and
loss of H 2 SO 4 as well as formation of the oxidized
[M + H + O] + and [M – H] + species (Figure 1b). The
[M + H + O]+ species is produced via a combination of
Pathways A and B whereas the [M – H]+ species is produced
via Pathway C. Pathway D is illustrated in Figure 1c via CID of
the complex produced upon ion/ion reaction of doubly protonated Substance P with sulfate radical anion, which undergoes
loss of H2SO4 to yield the [M]+• cation. Each of the reagents
derived from persulfate are discussed in detail below.

Ion/Ion Reactions with Peroxymonosulfate (HSO5-)
Anions to Form [M + H + O]+ Species
Ion/ion reactions with peroxymonosulfate anions result in oxidation of a peptide via oxygen transfer from the reagent to the
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Figure 1. Product ion spectra derived from CID of complexes produced via ion/ion reactions between doubly protonated
Substance P (RPKPQQFFGLM) and (a) HSO5–, (b), HS2O8–, and (c) SO4–•. The lightning bolt ( ) indicates species subjected to CID

peptide. While the selective oxidation of methionine and tryptophan side-chains via ion/ion reactions with periodate has recently
been described [21] peroxymonosulfate appears to be a stronger
oxidizing reagent as peptides both containing and lacking methionine and tryptophan residues are oxidized. This is demonstrated
in Figure 2 with ARAAAKA, a peptide that does not contain
methionine or tryptophan residues and, as such, is not susceptible
to oxidation by periodate. The ion/ion reaction between doubly
protonated ARAAAKA and peroxymonosulfate results in both
proton transfer from the peptide to the anionic reagent resulting in
the charge-reduced [M + H]+ species and complex formation to
produce the [M + 2H + HSO5–]+ species (Figure 2a). Activation
of the complex either results in generation of the charge-reduced
species via proton transfer or formation of the oxidized
[M + H + O]+ species via Pathway A (Figure 2b). Note that the
extent of oxidation in this case is much lower than for Substance
P (Figure 1a), which has a methionine residue at the C-terminus.
A proposed mechanism for peroxymonosulfate oxidation is
outlined in Scheme 2, which is analogous to the accepted mechanism for oxygen transfer from alkyl hydrogen peroxides [54].
The peroxymonosulfate anion first abstracts a proton from the
peptide. One of the nitrogen atoms on the arginine side chain then
initiates a nucleophilic attack on the distal peroxy oxygen atom.
Rearrangement to lose neutral H2SO4 occurs and yields a chargeseparated [M + H + O]+ species. Further rearrangement to eject
NH2OH (33 Da) can proceed via abstraction of a proton by the
negatively charged oxygen atom to yield the final species shown
in Scheme 2. While arginine was chosen to illustrate the proposed
mechanism in Scheme 2, other sites on the peptide are capable of

being oxidized via similar mechanisms as well (Supplemental
Figure S-2).
Activation of the oxidized species results in formation of an
abundant b6 + O ion (Figure 2c), which is produced via cleavage
C-terminal to the lysine residue. This spectrum is similar to CID
of the unmodified peptide in which the b6 ion is the dominant
fragment observed (Supplemental Figure S-3). Further activation of the b6 + O ion was performed to gather more information
about the site of oxidation, as shown in Figure 2d. There are 33
Da losses present throughout the product spectrum likely corresponding to losses of NH2OH from oxidized lysine or arginine
side chains (Scheme 2). Additionally, while a series of oxidized
b-ions are observed, the presence of both the oxidized and the
non-oxidized b2-ion indicate the likelihood of multiple sites
within the peptide being oxidized upon ion/ion reaction with
peroxymonosulfate anions.
While activation of the ion/ion complex between doubly
protonated ARAAAKA and peroxymonosulfate anion resulted
in mainly proton transfer to produce the charge-reduced species
with oxidation of the peptide observed as a minor pathway
(Figure 2b), activation of the analogous complex with ARAM
AKA exclusively results in oxygen atom transfer (Figure 3a).
Additionally, activation of the oxidized ARAMAKA species,
[M + H + O]+, yields dominant 64 Da losses corresponding to
ejection of CH3SOH from the oxidized methionine side chain
(Figure 3b) [22, 30]. While the presence of a methionine or
tryptophan residue is not necessary for oxidation to occur,
peptides containing these residues demonstrate increased complex formation and oxidation efficiencies and undergo
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Figure 2. Oxidation of ARAAAKA via ion/ion reaction with peroxymonosulfate. (a) Ion/ion reaction between doubly protonated
ARAAAKA and peroxymonosulfate anion, (b) activation of the ion/ion complex, (c) activation of the [M+H+O]+ oxidized species, and
(d) further activation of the oxidized b6 ion to further provide sequence information. Asterisks (*) indicate ammonia losses, degree
signs (°) indicate water losses, and the lightning bolt ( ) indicates species subjected to CID

preferential oxidation of the methionine or tryptophan side
chain. The peroxymonosulfate anion oxidation chemistry is also
demonstrated with bradykinin, a widely studied 9-residue peptide (RPPGFSPFR). The efficiency of oxidation with bradykinin
is ~10%, which is similar to that observed with ARAAAKA
(compare Figure 3c with Figure 2b). Additionally, similarly to
ARAAAKA, the presence of both oxidized and non-oxidized y8
ions upon CID of the [M + H + O]+ species indicates the presence of multiple oxidation sites in the peptide (Figure 3d).
Spectra illustrating the reactions between HSO5– and the
[M + 2H]2+ species of ARAMAKA and bradykinin are shown
in Supplemental Figure S-4.

Ion/Ion Reactions with Intact Persulfate (HS2O8-)
Anions to Form [M + H + O]+ and [M – H]+
Species
Intact persulfate is capable of oxidation via oxygen atom transfer
to form [M + H + O]+ as well as hydrogen abstraction to form the

unique [M – H]+ species upon ion/ion reactions with doubly
protonated peptides. Oxygen atom transfer is capable of proceeding via SO3 loss to form [M + 2H + HSO5–]+, which is identical
to the complex obtained via ion/ion reactions directly with peroxymonosulfate anions, followed by H2SO4 loss (Pathway A).
Oxygen atom transfer may also proceed via initial loss of H2SO4
from the complex to form [M + H + SO4]+ followed by SO3 loss
(Pathway B). These processes can result in oxidation at different
sites in the peptides, as shown below. Additionally, loss of two
sulfuric acid moieties from the complex can occur to form a
species of the nominal form [M – H]+ (Pathway C).
These three oxidation pathways are demonstrated in Figure 4
with the peptide ARAMAKA. The ion/ion reaction between
doubly protonated ARAMAKA and intact persulfate anions is
shown in Figure 4a. Both proton transfer to form the chargereduced [M + H]+ species and complex formation occur upon
ion/ion reaction. Some fragmentation of the complexes due to
energetic transfer conditions from the collision quadrupole to Q3
is also observed, as illustrated by the losses of SO3, H2SO4, and

Scheme 2. Mechanism of [M+H+O]+ formation via ion/ion reaction between peroxymonosulfate anion and an arginine-containing
peptide and NH2OH loss from oxidized arginine side chain
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Figure 3. Activation of the ion/ion complex produced via the ion/ion reaction between peroxymonosulfate anions and doubly
protonated (a) ARAMAKA and (c) bradykinin (RPPGFSPFR). Further CID of the [M+H+O]+ species produced for (b) ARAMAKA and (d)
bradykinin. Asterisks (*) indicate ammonia losses, degree signs (°) indicate water losses, and the lightning bolt ( ) indicates species
subjected to CID

H2SO5 as well as the formation of the [M + H + O]+ and [M – H]+
species. Collisional activation of the ion/ion complex,
[M + 2H + HS2O8–]+, yields product ions from losses of SO3,
H2SO4, and H2SO5, each of which is discussed below. Additionally, formation of both oxidized species is dominant, though it is
unclear what percentage of these species is consecutive from the
SO3 and/or H2SO4 losses versus directly from the complex itself.
Activation of the product ion from SO3 loss exclusively yields
the [M + H + O]+ species via Pathway A for ARAMAKA (Figure
4c) though proton transfer may also be observed for some
peptides. Activation of the H2SO4 loss yields both an SO3 loss
to produce the [M + H + O]+ species and another H2SO4 loss to
produce the [M – H]+ species (Figure 4d). Losses of 30 Da
neutral species, corresponding to CH2O loss, from the complex,
[M + H + O]+, and b6 + O species are also observed. This loss is
likely to arise from oxidation of the terminal carbon on the

methionine side-chain via a mechanism proposed by Froelich
and Reid [55]. Activation of the H2SO5 loss exclusively undergoes ejection of neutral SO3 to form the charge-reduced
[M + H]+ species (Supplemental Figure S-5).
While a nominal [M + H + O]+ species is observed from both
the SO3 and the H2SO4 losses, the oxidation does not necessarily
occur at the same site(s), as demonstrated in Supplemental
Figure S-6 in which the [M + H + O]+ products from both pathways with ARAMAKA are subjected to CID. Activation of the
[M + H + O]+ species produced via initial SO3 loss yields dominant CH3SOH losses from the oxidized parent and b6 ions
indicating exclusive oxidation of the sulfur atom in the methionine side chain (Figure S-6a). This spectrum is identical to that
obtained from activation of the [M + H + O]+ species produced
via activation of the ion/ion complex between doubly protonated
ARAMAKA and peroxymonosulfate anions (see Figure 3b).

Figure 4. Reaction between doubly protonated ARAMAKA and intact persulfate. (a) Ion/ion reaction between [ARAMAKA+2H]2+
and HS2O8–, (b) activation of the ion/ion complex, (c) activation of the SO3 loss from the complex, and (d) activation of the H2SO4 loss
from the complex. Asterisks (*) indicate ammonia losses, degree signs (°) indicate water losses, and the lightning bolt ( ) indicates
species subjected to CID
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While activation of the [M + H + O]+ species produced via initial
H2SO4 loss (Pathway B, Figure S-6b) produces many of the
same peaks observed in the initial SO3 loss (Pathway A,
Figure S-6a) spectrum, there are some key differences. The 64
Da loss corresponding to CH3SOH loss from the sulfoxide
derivative of the methionine side chain is observed at a significantly lesser relative abundance for the initial H2SO4 loss pathway. This indicates that while oxygen transfer to the sulfur atom
is possible via this mechanism, there are likely other sites oxidized via this pathway as well. Furthermore, CH2O loss is
observed from initial H2SO4 loss (Figure S-6b) but not initial
SO3 loss (Figure S-6a). As discussed above, this loss indicates
that the [M + H + O]+ ion produced via initial H2SO4 loss contains some population oxidized at the terminal carbon on the
methionine side chain. Lastly, small signals corresponding to
non-oxidized y4 and y5 ions in Figure S-6b but not in Figure S6a suggest that some of the oxidation occurs on a site in the
peptide other than the methionine residue upon oxidation via
Pathway B.
Scheme 3 depicts the proposed mechanisms for oxidation of
methionine via ion/ion reactions with intact persulfate anions.
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Scheme 3a illustrates oxidation of the sulfur atom whereas
Scheme 3b depicts oxidation of the terminal carbon atom in the
methionine side chain via initial H2SO4 loss from an ion/ion
complex with intact persulfate. Oxidation of the sulfur atom
proceeds via initial proton transfer from the peptide to the reagent
followed by nucleophilic attack by the sulfur atom on one of the
oxygen atoms in the peroxy bond, resulting in loss of H2SO4.
Further rearrangement occurs to eject neutral SO3 and form a
double bond between the sulfur and oxygen atoms (Scheme 3a).
Oxidation of the terminal carbon atom also undergoes proton
transfer from the peptide to the reagent, but is instead followed by
abstraction of a hydrogen atom to cleave the peroxy bond, eject
neutral H2SO4, and form a bond between the β-peroxy oxygen
atom and the terminal carbon atom. The oxidizing oxygen then
abstracts a proton, initiating SO3 loss (Scheme 3b). This species
can then lose CH2O via a mechanism proposed by Froelich and
Reid to yield a homocysteine functionality [55]. Both mechanisms illustrated in Scheme 3a and b proceed via initial H2SO4
loss (Pathway B). However, activation of a persulfate-containing
ion/ion complex can also generate the [M + H + O]+ species via
initial SO3 loss (Pathway A) as depicted in Scheme 3c. Initial

Scheme 3. Mechanism of reaction for methionine residues and HS2O8– to yield oxidation of (a) the sulfur atom, and (b) the carbon
atom, via initial H2SO4 loss, and (c) oxidation of the sulfur atom via initial SO3 loss
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SO3 loss results in a species identical to the complex observed
directly from ion/ion reactions between doubly protonated peptides and peroxymonosulfate anions. After SO3 loss, proton
transfer from the peptide to the reagent anion occurs. This is
followed by attack by the sulfur atom on the distal oxygen atom
with nucleophilic displacement of the peroxy oxygen and simultaneous hydrogen migration as described by Bach et al., for
general reactions between nucleophiles and peroxides [54]. The
specific reaction between HSO5- and thioesters has also been
previously investigated [56].
The [M – H]+ species, which was observed to be generated as
a major product only with the persulfate anion, can nominally
correspond to the loss of two sulfuric acid moieties from the
complex, viz., [M + 2H + HS2O8– – 2H2SO4]+, or water loss
from the oxygen transfer species, viz., [M + H + O – H2O]+. To
investigate which structure should be assigned to this unique
species, the CID spectrum of the [M – H]+ species generated
directly from the complex was compared with that of the
[M + H + O – H2O]+ species (Supplemental Figure S-7). The
b6(–2) ion is the base peak in both spectra, similar to the spectrum
corresponding to CID of the unmodified peptide in which the b6
is the base peak (data not shown). Parentheses indicate that the
mass of the reported ion is 2 Da less than expected for an
unmodified peptide. The 2 Da mass difference can either come
from loss of water from an oxygen transfer species or abstraction
of two hydrogen atoms. Various b and b(–2) ions are observed
throughout both spectra. However, there are 64 Da losses
(CH3SOH) in the [M + H + O – H2O]+ product spectrum

A. L. Pilo et al.: Peptide/Persulfate Ion/Ion Reactions

(Figure S-7b) that are not observed in the [M – H]+ product
spectrum (Figure S-7a). These CH3SOH losses indicate that there
is some population of peptides with oxidized sulfur atoms on the
methionine side chain that have lost water from elsewhere in the
peptide. The absence of these losses in the product spectrum of
the [M – H]+ ion indicate that no sulfur oxidation is present.
Furthermore, small signals attributable to c2, c3, and c5 ions are
observed upon CID of [M – H]+ (Figure S-7a) but not
[M + H + O – H2O]+, and a small y5 ion is observed upon CID
for [M + H + O – H2O]+ (Figure S-7b) but not [M – H]+. These
differences suggest that very little, if any, of the [M – H]+ ion
population results from water loss from the oxidized species and
is likely produced by hydrogen abstraction via loss of two neutral
H2SO4 moieties. It is also worth noting that the abundance of
water loss from CID of the [M + H + O]+ species is low (see
Supplemental Figure S-6) compared with the abundance of the
[M – H]+ observed from activation of the complex (Figure 4b),
further supporting the hydrogen abstraction pathway. Oxidation
of the non-arginine containing peptide KAKAKAA via ion/ion
reaction with intact persulfate anion is shown in Supplemental
Figure S-2.
We have found that the formation of the [M – H]+ ion from
the [M + 2H]2+ ion via reaction with the persulfate anion requires the presence of an unprotonated basic site. For instance,
doubly protonated GAILAGAILR forms an ion/ion complex
upon reaction with persulfate anion, but activation of this
complex leads predominantly to [M + H]+ (i.e., proton transfer
from the peptide to the reagent anion) and, to a lesser degree,

Scheme 4. Mechanisms to form [M – H]+ species upon reaction between intact persulfate anion and (a) lysine, (b) arginine, and (c)
histidine
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SO3 loss (Supplemental Figure S-8a). Activation of the reaction complex between persulfate and doubly protonated KGAI
LAGAILR, on the other hand, yields the [M – H]+ ion as the
base peak along with less abundant formation of the
[M + H + O]+ ion as well as losses of SO3, H2SO4, and
H2SO5 (Figure S-8b). Furthermore, triply protonated KGAI
LAGAILR primarily leads to proton transfer and a minor loss
of SO3 upon activation of the ion/ion complex with persulfate
anion (Figure S-8c). We also note that species containing easily
oxidized residues undergo oxygen transfer in the absence of an
unprotonated basic residue to form the [M + H + O]+ species, as
illustrated with the doubly protonated peptide GAGGMGAGG
RL in Supplemental Figure S-9, but not the [M – H]+ ion.
These trends indicate that the chemistry proceeding via the
initial H2SO4 loss pathway requires an unprotonated basic site
to occur. Potential mechanisms for the generation of the [M –
H]+ species for each of the three unprotonated basic amino
acids are proposed in Scheme 4. The peroxy bond in persulfate
is labile (BDE reported to be 33.5 kcal/mol) [57] and is capable
of homolytic cleavage to form two radical species. The proposed reaction proceeds via formation of a six-membered ring
upon which radical rearrangement occurs to abstract two hydrogen atoms from adjacent atoms. Additionally, the anionic
site on the reagent takes a proton from another basic site along
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the peptide. This results in ejection of two sulfuric acid moieties
and the creation of a double bond between adjacent atoms in
the unprotonated amino acid side chain or, in the case of
histidine, between the α- and β-carbons. The hydrogen atoms
abstracted in Scheme 4 were chosen because they had the
lowest local bond dissociation energies, as reported by Benjamin and Julian [53]. While the mechanism proposed in Scheme
4 is one possibility for how the reaction between basic sites and
intact persulfate proceeds, there are other possible mechanisms,
one of which is presented in Supplemental Scheme S-1.

Ion/Ion Reactions with Sulfate Radical Anion
(SO4–•) to Form Peptide Radical Cations ([M]+•)
The creation of gas-phase peptide radical cations is an area of
growing interest as the activation of these radical species yields
information complementary to that obtained via CID of the
protonated species. Strategies to generate radical cations and
examination of the fragmentation pathways they undergo have
recently been reviewed [33, 58, 59]. Several strategies for the
creation of radical cations via gas-phase ion/ion reactions have
also recently been described [31]. Here, we demonstrate the
generation of peptide radical cations in the gas phase via ion/
ion reactions with the sulfate radical anion. The reaction

Figure 5. Product ion spectra derived from CID of (a) the ion/ion complex between angiotensin III (RVYIHPF) and sulfate
radical anion, (b) the radical peptide cation of angiotensin III, and (c) protonated angiotensin III. Asterisks (*) indicate
ammonia losses, degree signs (°) indicate water losses, and the lightning bolt ( ) indicates species subjected to CID.
Loss of 106 Da indicates loss of p-quinomethide (C7H6O) from the tyrosine side-chain
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proceeds via a long-lived complex of the form [M + 2H + SO4] , which undergoes facile loss of sulfuric acid to efficiently
yield the peptide radical cation of interest, viz., [M]+•.
The generation of the molecular radical cation from doubly
protonated angiotensin III (RVYIHPF) via ion/ion reactions
with sulfate radical anion is shown in Figure 5. Activation of
the ion/ion complex, [M + 2H + SO4-•]+, yields a dominant
sulfuric acid loss to produce the peptide radical cation (Figure
5a). Further activation of the [M]+• yields neutral losses as well
as cleavages along the peptide backbone to form the a3through a5-ions and the z4•-ion (Figure 5b). The dominant
neutral losses observed are CO2 from the C-terminus and pquinomethide (106 Da) from the tyrosine side-chain. This
spectrum agrees well with the SID spectrum of the angiotensin
III radical cation produced by Yang et al. via in-source fragmentation of [CoIII(salen)M]+ and [CuII(terpy)M]+ complexes
[60]. Activation of the protonated peptide is shown in Figure 5c
for comparison and is dominated by water and ammonia losses,
although a-, b-, and y-type ions are also observed.
Calculations were performed to determine the bond dissociation energy (BDE) of H-SO4– and compared with the values
previously reported by the Julian group for abstraction of each
of the hydrogen atoms on all of the amino acids [53]. The
• +
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calculated BDE for H – SO4– is 454 kJ/mol with an expected
error of ~10 kJ/mol [53]. This value is higher than most of the
values reported for abstracting H-atoms from amino acids with
the exception of aromatic carbon radical centers which, in
general, are the least stable radical centers. Notably, the H –
SO4– BDE is higher than those reported for abstraction of
hydrogen atoms attached to alpha- (325.5–372.3 kJ/mol) and
beta- (348.2–428.5 kJ/mol) carbons, indicating that the sulfate
radical anion can theoretically abstract a hydrogen atom from
any peptide upon reaction [53]. Ion/ion reactions with sulfate
radical anions are a robust and efficient method of generating
peptide radical cations from their protonated dicationic counterparts in the gas phase.
Peptide cations with multiple radical sites can be generated
via sequential ion/ion reactions between multiply protonated
peptides and sulfate radical anions. Multiply protonated peptides of the form [M + nH]n+ can, in principle, undergo up to (n1) additions of sulfate radical anion before neutralization. The
[M + 5H]5+ species of melittin, a large 26-residue peptide, was
subjected to ion/ion reactions with sulfate radical anions. Addition of up to three sulfate radical anions was observed, as
shown in Figure 6a. (Addition of a fourth sulfate radical anion
is possible prior to neutralization but is not observed as it is

Figure 6. Generation of multiple radical sites in melittin. (a) Ion/ion reaction between sulfate radical anion and melittin
[M+5H]5+. (b) CID of the triply adducted species. (c) CID of the third H2SO4 loss from the triply adducted species, viz.,
[M – H]2+•••. Asterisks (*) indicate ammonia losses, degree signs (°) indicate water losses, and the lightning bolt ( )
indicates species subjected to CID. Green circles indicate H2SO4 loss
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beyond the upper mass-to-charge limit of the instrument.)
Activation of the triply adducted species yields sequential
losses of sulfuric acid to produce a species of the nominal form
[M – H]2+••• (Figure 6b). Further MSn on this peak is dominated
by neutral losses with smaller peaks corresponding to both
charge-directed (b-, y-type ions) and radical-directed (z- and
c-type ions) backbone cleavages (Figure 6c). This example also
demonstrates the facile ability to generate radical cations from
relatively large polypeptide systems via ion/ion reactions with
the sulfate radical anion.

Conclusions
The generation of various oxidized species, including [M –
H]+, [M + H + O]+, and [M]+• peptide cations, from multiplyprotonated peptides has been demonstrated using ion/ion reactions with a novel suite of reagents derived from persulfate.
Peroxymonosulfate anion, HSO5–, results in oxygen transfer
from the reagent to the peptide to yield the [M + H + O]+ cation
upon loss of SO3. The intact persulfate anion, HS2O8–, can
transfer oxygen from the reagent to the peptide via two distinct
pathways to yield the [M + H + O]+ cation or it can abstract two
hydrogen atoms from unprotonated basic side-chains to yield
the [M – H]+ cation upon ejection of two neutral sulfuric acid
molecules. The latter reaction represents a process without
precedent in gas-phase ion/ion chemistry. The sulfate radical
anion, SO4–•, abstracts a hydrogen atom from the peptide to
generate the peptide radical cation, [M]+•, upon loss of one
neutral sulfuric acid molecule. These three reagents are either
observed directly upon negative nESI of an aqueous solution of
persulfate under gentle interface conditions or produced via
CID of the reagent under harsher interface conditions, thereby
providing multiple reagent options within one sample. These
results demonstrate that persulfate can provide a unique array
of reagent anions for the transformation of multiply protonated
peptide ions to other ion types.
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